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REMARKS 

Applicants respectfully request reconsideration of the present application in view of 
the foregoing amendments and in view of the reasons that follow. 

7. Summary of the Claims 

Claim 46 is currently being amended. 

This amendment adds, changes and/or deletes claims in this application. A detailed 
listing of all claims that are, or were, in the application, irrespective of whether the claim(s) 
remain under examination in the application, is presented, with an appropriate defined status 
identifier. 

After amending the claims as set forth above, claims 45-52 are now pending in this 
application. 

//. Rejection Under 35 US. C. § 103(a) 

The Examiner rejected claims 45-52 under 35 U.S.C. § 103(a) for allegedly being 
unpatentable over International Publication No. WO 02/16418 to Alnemri ("Alnemri") in 
view of International Publication No. WO 02/16402 to Wang ("Wang") and Ford et ah, Gene 
Therapy 8:1-4 (2001) ("Ford"). Office Action at 2. Applicants respectfully traverse this 
ground for rejection, 

1. The Ford Reference Teaches Away From the Claimed Invention 

The Examiner concurs with Applicants' point that Ford "discloses that the full-length 
TAT protein stimulates growth of Karposi's sarcoma derived cells and that TAT transgenic 
mice develop Kaposi sarcoma. . . Office Action at 3. However, the Examiner maintains that 
Ford "expressly teaches that PTD [protein transduction domain] may provide efficient means 
of intracellular delivery of not just proteins, but macromolecules such as DNA as well as 
cancer chemo therapeutic agents (e.g. doxorubicin) . . .[and] for efficient antigen loading of 
dendritic cells for a range of vaccination purposes, including anti-tumor immune therapy . ..." 
Id. (emphasis in original) (text in brackets added). 
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The Examiner's arguments fail to recognize that Ford teaches away from the specific 
use of the TAT protein for delivery of proteins for the treatment of cancer. Specifically, one 
of skill in the art would not have considered using the TAT protein to deliver a protein to 
induce apoptosis in tumor cells due to its ability to transactivate genes and induce 
proliferation of cancer cells, thus negating any potential apoptotic-inducing effects of the 
cancer therapy. Indeed Ford states that "if the 1 1 aa TAT PTD (amino acids 47-57) is shown 
to be devoid of toxic effects in vivo, it will be of tremendous use in a variety of potential 
applications." Ford at 2-3 (emphasis added). 

The Examiner points to the use of PTDs for delivering cancer therapeutic agents such 
as methotrexate and doxorubicin as described in Ford. Office Action at 3. Ford cites two 
papers by Hamstra et al., Cancer Res. 60:657-665 (2000) (Hamstra) (filed herewith as Exhibit 
A) and Rouselle et aL, Pharma and Exper. Therapeutics, 57:679-686 (2000) (Rouselle) (filed 
herewith as Exhibit B), to support the use of PTDs for delivering methotrexate and 
doxorubicin. Neither paper describes the use of the TAT protein linked to a 
chemotherapeutic agent. Indeed Rouselle describes the coupling of doxorubicin to D- 
penetratin (derived from Antennapedia) and SynBl. See Rouselle at Abstract and 680. The 
Hamstra paper describes a methotrexate-a-peptide prodrug and does not describe attachment 
of MTX to any of the PTDs described in Ford. See Hamstra at Abstract. Furthermore, the 
Examiner's reference to the anti-tumor immune therapy in Ford is misplaced in this context as 
the antigen loading of dendritic cells is quite different from inducing apoptosis. 

The Examiner maintains that "one skilled in the art would have been motivated to use 
TAT PTD to deliver the Smac protein in view of Fold [sic] because Fold [sic] disclose [sic] 
that many proteins including small peptides have been successfully transported into a wide 
variety of human and murine cell types using the TAT PTD methodology." Office Action at 
3. However, this reasoning fails to take into consideration that one of skill in the art 
attempting to solve the problem of delivering a protein for use in treating cancer by the 
induction of apoptosis would not have been motivated to attach the agent to a protein which 
has been shown to have a contrary effect, i.e, induces the growth of tumor cells. The 
Examiner assumes that one of ordinary skill is merely attempting to solve the problem of 
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delivering a protein into a cell without taking into account that the protein is being delivered 
into the cell to develop an improved cancer therapy. Thus, one of skill in the art would not 
have been motivated to modify the Smac peptides of Alnemri or Wang by attaching the TAT 
peptide of Ford for delivery of a protein as part of an anti-cancer therapy. 

2. The Examiner is Relying Upon Impermissible Hindsight 

In the present rejection, the Examiner relies upon impermissible hindsight to 
selectively pick individual elements of the claimed invention from the cited references to 
assert an alleged case of prima facie obviousness. It is well established that "[o]ne cannot use 
hindsight reconstruction to pick and chose among isolated disclosures in the prior art to 
deprecate the claimed invention/ 1 In re Fine, 5 USPQ2d 1596, 1600 (Fed. Cir. 1988); see 
also MPEP § 2 141 (II)(c). This point was also emphasized by the Supreme Court in KSR Int'l 
Co. v. Tele/lex, Inc. 127 S.Ct. 1727 (2007). "A factfinder should be aware, of course, of the 
distortion caused by hindsight bias and must be cautious of arguments reliant upon ex post 
reasoning." KSR at 1742. 

Claims 45-52 relate to a Smac carrier or a composition comprising the Smac carrier 
comprising a Smac protein comprising amino acids 56 to 59; 56 to 62; or 56 to 70 of the 
Smac protein of SEQ ED NO: 1 . Of the proteins disclosed in Alnemri and Wang, the 
Examiner has not provided a reason or motivation why one of skill in the art would have 
chosen these particular sequences. 

Furthermore, the Examiner has failed to show any reason or motivation for one of 
skill in the art to have selected TAT, or fragments of TAT, over the other disclosed 
transducing polypeptides of Ford such as Antennapedia or the herpes simplex virus VP22 
protein to link to the claimed Smac fragments, as discussed above. Indeed, the Examiner 
stated that "[wjhether one skilled in the art would have also been motivated to use 
Antennapedia or herpes simplex virus VP22 protein as a carrier protein for Smac is irrelevant 
to this rejection." Office Action at 3. However, Applicants respectfully disagree. The 
Examiner is required to consider the reference as a whole, especially to avoid impermissible 
hindsight reasoning. W.L. Gore & Associates, Inc. v. Garlock, Inc., 721 F.2d 1540 (Fed. Cir. 
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1983) (A prior art reference must be considered in its entirety, i.e., as a whole, including 
portions that would lead away from the claimed invention.). Based on the disclosure in Ford 
regarding the TAT protein described above, one of skill in the art would have been motivated 
to use the PTD of Antennapedia or VP22 and not the PTD of TAT. 

The Examiner has used the claimed invention itself as a roadmap to allege that the 
claims are obvious over the cited combination of references. To suggest now that it would be 
obvious to chose the claimed Smac protein fragments linked to the TAT protein or fragments 
thereof, based on the disclosures of Alnemri, Wang and Ford, can only be a result of 
hindsight. 

3. No Reasonable Expectation of Success 

Applicants argue that one of skill in the art would have had no reasonable expectation 
of success in modifying the Smac peptides of Alnemri and Wang with the TAT protein of 
Ford to arrive at a peptide which was able, in combination with other anti-cancer agents, to 
treat cancer in vivo. "A rationale to support a conclusion that a claim would have been 
obvious is that all the claimed elements were known in the prior art and one skilled in the art 
could have combined the elements as claimed by known methods with no change in their 
respective functions, and the combination would have yielded nothing more than predictable 
results to one of ordinary skill in the art" MPEP § 2143.02 citing KSR, 127 S. Ct. at 1731 
(emphasis added). 

The experiments with Smac peptides, as described by Alnemri and Wang, which were 
actually performed were limited to experiments in vitro. See Alnemri at Examples 2-5 and 
Wang at Examples 9-16 1 . The Examiner has previously stated that both Alnemri and Wang 
teach Smac peptides for "inducing cell cancer apoptosis". See Office Action dated October 1, 
2007 at 24 and 25. However, one of skill in the art would have had no reasonable expectation 
of success that the Smac peptides presently claimed would induce apoptosis of cancer cell in 

1 Examples 17, 18 and 19 of Wang describe in vivo assays for testing AV peptoids as anti-cancer 
agents, however the Examples are written in the nature or mixed tense indicating that they are prophetic 
examples. Additionally, Example 19 comments on the efficacy of "peptoids" in the WAP-RAS Transgenic 
model, however it is not clear if the experiments were actually performed, if Smac peptides were used, and what 
the actual results were since no data is presented. 
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vivo. In fact, as is shown in the Examples of the present application, Smac peptides alone did 
not result in an anti-tumor effect in vivo. Rather the Smac peptides enhanced the anti-tumor 
effect of another polypeptide, TRAIL. See specification at ^[[0058] ("Importantly, Smac 
peptides significantly sensitized glioblastoma cells for TRAIL-induced apoptosis, while 
treatment with Smac peptides alone showed no anti-tumor effect. 11 ) and Fulda et ah, Nature 
Medicine 8:808-815 (2002) (submitted as document A21 with the EDS filed January 19, 
2005). 

The Examiner has stated that the treatment of cancer is unpredictable: "the 
fundamental problem in drug discovery for cancer is that the model systems are not 
predictive." Id. at 19. Moreover, "[e]ven if a candidate drug inhibits cancer cell proliferation 
in vitro, it is still unpredictable where this drug will be effective in treating cancer in vivo, 
such as in an animal model." Id. at 19. Therefore, it is not reasonable to draw conclusions 
from the in vitro experiments described in Alnemri and Wang. 

Applicants have shown that the claimed fusion peptides in a glioblastoma tumor 
model significantly sensitized glioblastoma cells for apoptosis. The use of the claimed 
peptides alone did not show an anti-tumor effect. Thus, there was no reasonable expectation 
of success in creating a cancer therapy which would be effective in vivo based on the cited art 
(i.e. the Smac peptides of Alnemri and Wang fused to the TAT-peptide of Ford). 

Thus, the Examiner has failed to make a prima facie case of obviousness as: 1) the 
Ford reference teaches away from the claimed invention; 2) the Examiner relies upon 
impermissible hindsight reasoning; and 3) there was no reasonable expectation of success for 
one of skill in the art to arrive at the claimed invention based on the cited art. As such, 
Applicants respectfully request that the Examiner reconsider and withdraw the rejection. 

III. Objections to the Claims 

The Examiner objected to claim 46 because the claim recited "amino acid sequence 47 
to 47 SEQ ID NO:3." Office Action at 4. Per the Examiner's suggestion, Applicants have 
amended claim 46 to include the word "of ' just prior to the term "SEQ ID NO:3." Thus, 
Applicants believe this objection to be moot. 
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IK Notice to Comply With Sequence Rules 

The Examiner alleges that the application fails to comply with the requirements of 37 
C.F.R. 1.821 through 1.825 as Applicants allegedly failed to provide a statement that the 
content of the paper and computer readable copies are the same, and where applicable, 
include no new matter. Office Action at 5. 

Applicants respectfully assert that the statement under 37 C.F.R. § 1.821(f) that the 
content of the paper and computer readable copy of the sequence listing is the same is not 
necessary in the present application. Applicants filed the sequence listing electronically via 
EFS-Web on April 1, 2008. By filing on EFS-Web the paper copy and the computer readable 
copy of the sequence listing are one in the same and therefore a statement pursuant 37 C.F.R. 
§ 1.821(f) is not required. Indeed on the USPTO web site under EFS-web Help, FAQ's, 
p200efsl52 entitled "Is a statement required verifying that the computer readable format 
(CRF) and paper copy of a sequence listing are the same?" states: 

If a sequence listing text file submitted via EFS-Web complies 
with the requirements of 37 CFR 1.824, the filer need not 
submit i) any additional copies of the sequence listing pursuant 
to 37 CFR 1.821(e) nor ii) the statement described in 37 CFR 
1.82Ufl . 

Additionally, Applicants point the Examiner's attention to the Amendment and Reply 
filed April 1, 2008 in which Applicants stated that "the amendment to include the sequence 
listing filed herewith does not introduce new matter" pursuant to 37 C.F.R. § 1 .825. Reply at 
10. 

Thus, Applicants believe the present application to be in compliance with all sequence 
rules and respectfully request the Examiner to acknowledge compliance. 

V. Conclusion 

Applicants believe that the present application is now in condition for allowance. 
Favorable reconsideration of the application as amended is respectfully requested. 
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The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may be 
required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, 
to Deposit Account No. 19-0741. Should no proper payment be enclosed herewith, as by a 
check being in the wrong amount, unsigned, post-dated, otherwise improper or informal or 
even entirely missing or a credit card payment form being unsigned, providing incorrect 
information resulting in a rejected credit card transaction, or even entirely missing, the 
Commissioner is authorized to charge the unpaid amount to Deposit Account No. 19-0741. If 
any extensions of time are needed for timely acceptance of papers submitted herewith, 
Applicant hereby petitions for such extension under 37 C.F.R. §1.136 and authorizes payment 
of any such extensions fees to Deposit Account No. 19-0741. 



Respectfully submitted, 



FOLEY & LARDNER LLP 
Customer Number: 22428 
Telephone: (202) 672-5538 
Facsimile: (202) 672-5399 



Date 




By 




Attorney for Applicant 



Registration No. 34,717 



Michele M. Simkin 
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Expression of Endogenously Activated Secreted or Cell Surface Carboxypeptidase A 
Sensitizes Tumor Cells to Methotrexates-Peptide Prodrugs 1 

Daniel A. Hamstra, Michel Pag£, Jonathan Maybaum, and Alnawaz Rehemtulla 2 
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ABSTRACT 

Methotrexate (MTX) is one of the most commonly used agents in the 
treatment of solid malignancies; however, the toxicides of M I X to bone 
marrow and gastrointestinal tract complicate this therapy. We, therefore, 
propose a gene-dependent enzyme prodrug therapy to limit these toxicities 
by localizing the production of MTX to the site of the tumor. The com- 
bination of MTX-a-peptide prodrugs, which cannot be internalized by the 
cellular reduced folate carrier, with carboxypeptidase A (CPA), which can 
remove the blocking peptide, has been demonstrated previously in vitro 
using antibody-dependent enzyme prodrug therapy. CPA is normally 
synthesized as a zymogen that is inactive without proteolytic removal of its 
propeptide by trypsin. Therefore, to adapt this system to gene-dependent 
enzyme prodrug therapy, a mutant form of CPA was engineered, CPA ST3 , 
that does not require trypsin-dependent zymogen cleavage but is instead 
activated by ubiquitously expressed intracellular propeptidases. Purifica- 
tion, peptide sequencing, and kinetic analysis indicated that mature 
CPA ST3 is structurally and functionally similar to the trypsin-acttvated, 
wild-type enzyme. In addition, CPA STJ -expressing tumors cells were sen- 
sitized to MTX prodrugs in a dose- and time-dependent manner. To limit 
diffusion of CPA, a cell surface localized form was generated by construct- 
ing a fusion protein between CPA ST3 and the phosphatidylinositol linkage 
domain from decay accelerating factor. SDS-PAGE and flow cytometric 
analysis of infected tumor cells indicated that CPA DAF was cell surface 
localized. Finally, after retroviral transduction, this enzyme/prodrug 
strategy exhibited a potent bystander effect, even when <10% of the cells 
were transduced, because extracellular production or MTX sensitized 
both transduced and nontransduced cells. 



INTRODUCTION 

Chemo therapeutics, drugs that are preferentially toxic to tumor 
cells as compared with host tissues, are a vital part of most current 
cancer treatments. However, most common chemotherapeutic agents 
have a small therapeutic index and exhibit profound systemic toxic- 
ities, particularly to rapidly dividing tissues such as bone marrow and 
gastrointestinal tract (1). These toxicities present a significant mor- 
bidity and mortality; in addition, they limit the dose of chemothera- 
peutic used and thus may also decrease the clinical response. One 
method proposed to circumvent these toxicities and to increase the 
therapeutic index of chemotherapy is the development of GDEPT 3 
(reviewed in Ref. 2): (a) tumors are transduced with the gene for an 



Received 3/31/99; accepted 12/2/99. 

The costs of publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked ad\<ertisement in accordance with 
18 U.S.C. Section 1734 solely to indicate this fact, 

1 Supponed in part by NIH Award JR29CA7390401 (to A. R.), USAMRC Breast 
Cancer Research Pre-Doctoral Fellowship DAMD1 7-97-1-7 127 (to D. H.), as well as a 
Developmental Student Awurd (to D. H.) as pan of the UM Specialized Programs of 
Research Excellence in Prostate Cancer P50 CA69568. D. H. is a fellow in the Medical 
Scientist Training Program. 

2 To whom requests for reprints should be addressed, at 1"he University of Michigan 
Medical School, 1331 East Ann Street, Ann Arbor, Ml 48105-0582. Phone; (734) 764- 
4209; Fax: (734) 763-1581; E-mail: alnawaz@umich.edu. 

1 The abbreviations used are: GDEPT, gene-dependent enzyuie/prodrug therapy; 
MTX, methotrexate; MTX-Phe, methotrexate-a-phenylalanine; CPA, carboxypeptidase 
A I; ADEPT, antibody-dependent enzyme/prodrug therapy; PACE, paired basic amino 
acid cleaving enzyme; PC, prohormone convertase; HPLC, high-performance liquid 
chromatography; HSV-TK, herpes simplex virus thymidine kinase; CFA, colony forma- 
tion assay; SF, surviving fraction; IRES, internal ribosomal entry site; ST3, stromelysin 3; 
DAF, decay accelerating factor; 5-FC, 5-flucytosine; HD, high dose. 



enzyme whose activity is not normally present in the host; and (b) a 
prodrug is administered systemically, which is nontoxic except when 
metabolically converted to a toxic form by the enzyme transduced in 
the first step. The goal of these strategies is to simultaneously increase 
the local concentration of the toxic agent while also decreasing the 
associated systemic toxicities. 

MTX, a folate analogue antimetabolite, is one of the most com- 
monly used chemotherapeutics for the treatment of solid malignancies 
(3, 4). Prodrugs of MTX have been described where a blocking amino 
acid is conjugated to the glutamic acid residue in MTX; these pro- 
drugs are unable to be internalized by the cellular reduced folate 
carrier (5). CPA, a zinc-metalloprotease, is normally synthesized in 
the pancreas and released into the lumen of the small intestine, where 
trypsin-dependent zymogen activation is necessary to remove the 
inhibitory propeptide and activate the enzyme (6). CPA has been 
described previously for use in ADEPT protocols in conjunction with 
MTX-a-peptide prodrugs (5, 7, 8). All of these ADEPT strategies 
relied upon purified CPA that was activated by trypsin in vitro to 
remove the propeptide. However, ADEPT systems are plagued by a 
number of problems, including cost and difficulties with development 
and purification of antibodies, immunogenicity of antibodies, acces- 
sibility of tumor to the enzyme/antibody conjugate, stability of the 
enzyme/antibody conjugate, and background conversion of prodrugs 
because of localization of antibody conjugates to inappropriate tissues 
(2). To adapt this CPA/MTX-a-peptide-based strategy from an anti- 
body-based therapy to a GDEPT, we endeavored to generate mutant 
forms of CPA that would be activated in a trypsin- independent man- 
ner by endogenous cellular proteases. 

PACE/furin is the prototypical member of a family of PCs that 
include at least seven members (9). These serine proteases are in- 
volved in the maturation of secretory proteins by cleavage after 
clusters of basic amino acids in proteins such as: growth factors, 
growth factor receptors, prohormones, bacterial toxins, and viral coat 
proteins. Some of the PCs exhibit restrictive expression in neuroen- 
docrine tissues; however, at least three members of the family, PACE, 
PACE4, and PC7, appear to be ubiquitously expressed (9). Therefore, 
we felt that a mutant form of CPA, which was engineered to be 
activated by one or more of these PCs, could prove to be an effective 
part of a GDEPT strategy. Previously, we have reported just such a 
mutant, CPA^, where a simple tetra-basic PACE cleavage site 
(-RQKR-) was introduced into CPA between the propeptide and the 
mature enzyme (10). CPA^ was expressed as an active enzyme 
independent of trypsin treatment and could sensitize cells to MTX- 
Phe. This activation, however, was dependent upon overexpression of 
PACE with little or no activation detected by endogenous PCs in 
absence of PACE cotransfection. To overcome the need for exoge- 
nous PACE expression, we report here a mutant form of CPA 
(CPA ST3 ) that is fully activated in a trypsin-independent manner by 
endogenous propeptidases. The rationale for the construction of 
CPA ST3 was that the 10 amino acid sequence (-GLSARNRQKR-) 
within ST3 sensitizes it to activation by PACE (II). Because this 
sequence encompasses the key features of a PACE cleavage site {i.e., 
basic residues at -1, -2, -4, and -6 relative to cleavage; Ref. 12), we 
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Fig. 1. Mutations introduced into the CPA protein to facilitate subtilisin-like propep- 
tidase cleavage. Wild-type CPA, CPA^, and CPA ST3 are depicted in diagrammatic form, 
mutated residues are underlined, and the cleavage sites are indicated with an arrow. 



hypothesized that the insertion of this decapeptide would also sensi- 
tize CPA ST: , to PC-based activation. 

The secretion of active CPA into the extracellular space should 
allow for a potent bystander effect where a small population of CPA 
expressing cells could generate sufficient MTX within the tumor 
milieu to sensitize adjacent, nontransduced cells. This is particularly 
true for this enzyme/prodrug system because the MTX is generated 
outside the transduced cell, so both CPA-expressing and bystander 
cells should be equally sensitized. Unfortunately, if active secreted 
CPA is able to diffuse out of the tumor, it might result in both a 
decreased local production and in increased systemic generation of 
MTX. Therefore, to restrict CPA to the site of transduction, we 
constructed a cell surface tethered form of the enzyme by fusing 
CPA ST3 to the glycophospholipid membrane linkage domain of DAF 
(13), This fusion protein js anchored to the surface of the cell by a 
lipid linkage and thus may afford local production of MTX without 
systemic release of the protein. In this report, the generation of both 
the endogenously active soluble and cell surface forms of CPA are 
described, as is their ability to use MTX-a-peptide prodrugs and 
sensitize cells in vitro. 

MATERIALS AND METHODS 

Expression Plasmids. All common molecular biological techniques were 
performed according to Sambrook et ai (14). The expression plasmids for 
wild-type rat CPA, the single PACE cleavage mutant of CPA at amino acid 95 
(CPA^ 5 ), PACE, or the dominant-negative form of PACE (PACE.SA) have all 
been described previously (10, 12). The endogenously activated mutant of 
CPA (CPA ST3 ) and the cell surface-localized form of this mutant (CPA DAF ) 
were constructed by overlap PCR (15) using wild-type CPA and CPA ST3 as 
template, respectively, and subcloned into the mammalian expression vector 
pZ (kindly provided by The Genetics Institute, Cambridge, MA). CPA ST3 
introduced the decapeptide sequence (-GLSARNRQK.R-; Rcf. II) between the 
prodomain and mature domain of rat CPA (Fig. 1), and CPA„ AK fused the 37 
amino acid region (- PN KGSGTTSGT TR L LS G H TC FT LTG L LGT L VTM- 
GLLT-) from DAF to the COOH terminus of CPA ST3 (Ref. 13; see Fig. 6a). 
All plasmids were confirmed by sequencing at the University of Michigan 
DNA Sequencing Core. 

Cell Culture and Tronsfections. All cells were cultured under standard 
conditions in DM EM supplemented with 10% heat-inactivated FBS, penicillin, 



streptomycin, and L-glulaminc, except for MCF7 cells, which were cultured in 
RPMJ medium with the same supplements. Expression plasmids were tran- 
siently transfected into SV40 large T-antigcn expressing human embryonic 
kidney cells (293T) by calcium phosphate precipitation using equal amounts of 
plasmid DNA for each transfection (10 jxg/ml transfection mixture). To gen- 
erate CPA for purification, enzymatic assays, or Western blotting, 48 h after 
transfection plates were washed three times with PBS and then incubated in 
scrum-free medium (Optimcm; Life Technologies, Inc., Gaithersburg, MD) for 
an additional 24 h; at which time the supernatants were harvested, nonadherent 
cells spun down by ccntrifugation for 15 min at 1000 X g, and the conditioned 
medium frozen at — 70°C for subsequent analysis. Stable ceil lines expressing 
CPA ST3 were generated by transfecring the CPA ST3 expression plasmid or a 
control plasmid into SCCVII cells using Lipofcctamine-PLUS (Life Technol- 
ogies). Pooled polyclonal transfected ceils were then selected for G418 (Life 
Technologies) resistance for three passages prior to cytotoxicity experiments. 

Protein Analysis. For experiments requiring metabolic labeling of pro- 
teins, [ 35 S]mcthioninc/cystctnc (Pro-mix; Amcrsham, Arlington Heights. IL) 
was used according to the protocols described previously (12). Western blot- 
ting was performed as described previously (10) using a rabbit polyclonal 
anti-bovine CPA antiscra (Cemicon, Temccula, CA), followed by enhanced 
chcmilumincscencc (Pierce, Rockford, IL). 

CPA Purification and Enzymatic Assays. CPA was purified from con- 
ditioned medium using CPA potato inhibitor affinity chromatography (10) or 
an ot-CPA immunoaffinity column. The cr-CPA affinity column was made 
according to the manufacturer's instructions (Affi-Gcl Hz; Bio-Rad, Hercules, 
CA) using a rabbit or-bovinc CPA antibody. Conditioned media were diluted 
1:1 with PBS, loaded onto the column, washed (500 mM NaCl in PBS), and 
elutcd (500 mM NaCl, 20 mM Glycine HC1, pH 2,0). Purified CPA was then 
dialyzed against 500 mM NaCl, 50 mM Tris-HCl (pH 8.0) and stored at 4°C. 
CPA activity was measured using a speclrophotomelric assay for cleavage of 
a synthetic substrate, A^(3-[2-furyl]acryoyl)-Phc-Phc (Sigma Chemical Co., St. 
Louis, MO) as described previously (10). Data were plotted, and kinetic 
constants were calculated by nonlinear regression using GraphPad Prism 
(GraphPad Software, San Jose, CA). 

Retroviral Production and Infection. The cDNAs for CPA ST3 or CPA DAF 
were subcloned into Lzrs.pBMN (kindly provided by Gary Nolan, Stanford, 
CA), yielding Lz.CPAy, 3 and Lz.CPA DAF . To generate retroviruses coding for 
both CPA ST3 or CPA DAF and the neomycin resistance gene (neo M ) from one 
bicistronic retrovirus using an IRES, the entire CPA ST3 /IRES/nco R or 
CPA r , AF /IRES/neo R expression cassettes were amplified by PCR and sub- 
cloned into LzTs.pBMN, yielding Lz.Nco.CPA ST3 and Lz.Nco.CPA DAF , Ret- 
roviruses were produced by transfecting the 4>nX-ampho packaging cell line 
(kindly provided by Gary Nolan, Stanford, CA) using calcium phosphate 
precipitation, and 48 h after transfection, the producer cells were selected in 0.5 
jig/ml puromycin (Sigma). Retroviral supernatants were generated by plating 
puromycin-sclected producer cells at a density of 40,000 cells/cm 2 in 100-mm 
plates and culruring at 32°C for 4 clays, with daily harvests. At this time, the 
supernatants were pooled, filtered through a 0.4 fxm filter, aliquotcd, and 
frozen at ~70°C. Cells were infected using retroviral supernatants in the 
presence of Polybrcne (16 fig/ml; Sigma). The titer of each reach retroviral 
batch was determined using SCCVII cells and G418 selection for CPA con- 
structs and 5-bromo-4-chloro-3-indolyl-0-D-galactopyranoside staining for 
/3-galactosidasc constructs. The titers achieved were 2.4 X I0 6 ± 0,7 X 10 6 , 
2.5 X 10* ± 0.6 X I0 A , and l.l X 10 6 ± 0.3 X 10 6 colony-forming units/ml 
for LacZ, CPA ST3 , and CPA DAF respectively. 

HPLC Analysis. Tissue culture media were acidified with 1/1 0th volume 
1 M HCI and extracted with -20 b C CH 3 CN (5:2 CH-,CN:media). Extracts were 
then analyzed on a C, 8 reverse phase column (Waters, Milford, MA) by HPLC 
on a gradient from 10:90:0.1 to 50:90:0.1 CH 3 CN:H 2 0:trifluoroacetic acid at 
a flow rate of 1 ml/min over 15 min. HPLC was performed on a Waters 
gradient system composed of two model 501 pumps, a U6K. injector module, 
and a model 996 photodiode array detector; the system was controlled by 
Millennium 2010 software. Absorbance was monitored at 315 nm, and under 
these conditions, MTX had a retention time of 6.4-6.6 min, and MTX-Phc had 
a retention time of 8.4-8.6 min. 

Flow Cytometry. To evaluate cell surface expression of CPA, SCCVII 
cells were infected with LacZ, CPA ST3 , or CPA^p retrovirus; 48 h later, they 
were detached from dishes using trypsin, and the trypsin was inactivated by the 
addition of scrum. Cells were then incubated on ice for 30 min in medium 
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supplemented with a 1:200 dilution of c*-CPA antibody, Subsequently, they 
were ccntrifuged through a 1/2 ml of FBS to isolate them from unbound 
antibody and then resuspended in medium supplemented with a 1:200 dilution 
of fl-phycocrythrin conjugated goat a-rabbit IgG secondary antibody (Fischer, 
Pittsburgh, PA). After 30 min, the unbound antibody was again removed, and 
the cells were resuspended in PBS for analysis at the University of Michigan 
Flow Cytometry Core. 

Cytotoxicity Assays. For some experiments, growth inhibition was as- 
sayed using the sulforhodamine B assay (Sigma; Ref. 16). Cells were plated at 
a density of 3000 cells/cm 3 in a 96-wcll plate; 12-18 h after plating, cells were 
infected with retroviral supematants. Twenty-four h after infection, the me- 
dium was changed to that supplemented with vehicle (PBS), MTX, or MTX- 
<v-pcptides (17). The cells were left cultured with the drug for 72 h, at which 
point they were fixed and stained according to Skehan et al. (16). Data 
represent the mean ± SE of at least eight replicate wells. For other experi- 
ments, cells were assayed using a CFA ( 1 8), Cells were plated in 60-mm dishes 
at a density of 2000 cells/cm 2 ; 18-24 h later, they were infected with retroviral 
supematants for 24 h, at which time the medium was changed to that supple- 
mented with vehicle (PBS), MTX, or MTX-Phc. Cells were cultured with the 
drug for the indicated time and then plated for colony formation; and after 
7-10 days, the dishes were fixed and stained with crystal violet before 
counting. Data plotted represent the mean and SE of at least three experiments. 

CPA Diffusions) Assay. To measure the ability of secreted, soluble CPA 
to sensitize nontransduced cells, a two-chamber tissue culture plate was used. 
A 50/50 mixture ofCPA SX3 - or CPA DAF -expressing SCCV1I cells and parental 
SCCVII cells (4000 total) were plated into the top wells of a six-well transwell 
plate (Costar Transwell-clear; Fischer, Pittsburgh, PA), and at the same time, 
an equal number (4000 cells) of parental SCCVII cells were plated into the 
bottom chambers. The top and bottom chambers were separated by a perme- 
able membrane with 0.4 /am pores such that CPA or small molecules like MTX 
or MTX-Phc could freely move between the chambers, but whole cells were 
prohibited from crossing the barrier. The cells were left seeded in the chamber 
for 48 h, at which time MTX-Phe was added directly to the top and bottom 
chambers al a uniform concentration of I /am. Both the top and bottom 
chambers from parallel wells were subsequently trypsinized and plated for 
CFA al I2-h intervals. 



RESULTS 

CPA ST3 Is Activated by Endogenous Prohormone Convertases, 

To use CPA in a GDEPT strategy for cancer therapy, we constructed 
a mutant that is expressed as an active enzyme in the absence of 
trypsin-dependent propeptide cleavage. Previously, we reported that 
CPA 95 , a mutant into which a PC cleavage site was introduced by two 
amino acid substitutions (FQAR — *■ RQKR), is activated but only in 
the presence of PACE overexpression (Fig. I; Ref. !0). We, therefore, 
constructed CPA ST3 , which includes a 10-ainino acid tinker region 
(-GLS ARNRQKR-) between the propeptide and mature domain of 
CPA (Fig. 1), where the underlined amino acids represent a prototyp- 
ical PACE/furin cleavage site. This linker region is derived from the 
matrix-metalloprotease ST3, where it has been demonstrated to sen- 
sitize ST3 to PC-dependent activation (11). 

To examine the expression and processing of CPA ST3 , 293T cells 
were transiently transfected with the expression plasmids for wild- 
type CPA, CPA 95 , or CPA ST3 in the absence or presence of a PACE 
expression plasmid. Conditioned media were collected from trans- 
fected cells and analyzed by SDS-PAGE and Western blot. Expres- 
sion of wild-type CPA alone as well as with cotransfected PACE 
resulted in a M T 43,000 protein, which is characteristic of pro-CPA 
(Fig. 2, Lanes 2 and 3). When CPA 93 was expressed in 293T cells, 
there was a small amount of mature CPA generated, as evidenced by 
the band at \f v 34,000, yet the majority of the protein was still in the 
pro- form (Fig. 2, Lane 4). However, in the presence of PACE 
cotransfection, >50% of CPA 93 was processed to the mature form, 
while the rest remained in the larger pro- form (Fig. 2, Lane 5). These 



results are consistent with previous observations for CPA 95 when 
expressed in COS-1 cells and in squamous cell carcinoma lines (10). 

In contrast, when CPA ST3 was expressed in 293T cells, it was 
completely processed to the mature form, even in the absence of 
cotransfected PACE (Fig. 2, Lane 6), and cotransfection of PACE had 
no impact upon this activation and secretion (Fig. 2, Lane 7). To 
verify the specificity of this activation, PACE.SA, a dominant-nega- 
tive mutant of PACE where the active-site serine was mutated to 
alanine (12), was cotransfected along with CPA ST3 . Cotransfection of 
PACE.SA and CPA ST3 inhibited the conversion of CPA ST3 from the 
pro- to mature form (Fig. 2, Lane 8), a further indication that activa- 
tion of CPA ST3 was achieved through the action of endogenous PCs. 
The observed molecular weights of pro- and mature CPA seen here 
are consistent with those reported previously for trypsin-activated 
wild-type CPA (10). 

Endogenous!? Activated CPA SX3 Is Indistinguishable from 
Trypsin-activated Wild-Type CPA. 293T cells were transiently 
transfected with the CPA ST3 expression plasmid, and the protein was 
purified from the conditioned medium using an anti-CPA immunoaf- 
finity column. Enzymatic analysis using a synthetic substrate, W-(3- 
[2-njryI]acryoyl)-Phe-Phe (1 X 10~ 5 m to 5 X 10~ 4 m), demonstrated 
that endogenously activated CPA ST3 had a similar kinetic profile to 
trypsin-activated wild-type CPA over the range of substrate concen- 
trations studied with K xry and kcat values, which were virtually iden- 
tical (Table 1). In addition, conditioned medium from 293T cells 
transiently transfected with CPA ST3 was submitted to the University 
of Michigan Protein Structure Core for electrophoresis and NH 2 - 
tcrminal sequencing. Ten consecutive amino acids were identified 
(-ALSTDSFNYA-), which correspond to the first 10 amino acids 
of mature rat CPA that were immediately COOH-terminal of the 
PC cleavage site introduced via the ST3 linker region (see Fig. 1; 
Ref. 19). 

Expression of CPA ST3 in Squamous Cell Carcinoma Cells 
Leads to Conversion of MTX-Phe to MTX and Cytotoxicity in a 
Time-dependent Manner. SCCVII murine squamous cell carcinoma 
cells were transfected with the pZ.CPA SX3 expression plasmid, and a 
pooled polyclonal CPA ST3 -expressing population was selected with 
G418. The conditioned medium from cells expressing CPA ST3 con- 
tained CPA, which was predominantly in the mature form, as detected 
by Western blot and activity assay (data not shown and see Fig. 4a). 
CPA ST3 - or LacZ-expressing cells were exposed to MTX or MTX- 
Phe for 0-72 h and then plated to determine the SF (Fig. 3a). In 
addition, at the time of plating conditioned media were collected for 
analysis by FTPLC (Fig, 3b). When either LacZ- or CPA ST3 -express- 
ing cells were exposed to 1 jam MTX, there was significant cytotox- 
icity observed starting 1 2 h after exposure, which peaked at a SF of 
<0.001 after 36-48 h (Fig. 3a). However, there was no apparent 
cytotoxicity to LacZ-expressing cells exposed to 1 jam MTX-Phe for 
72 h with a SF > 0.9 (Fig. 3a) and no detectable conversion of 
MTX-Phe to MTX (data not shown). In contrast, CPA ST3 -expressing 
cells were potently sensitized to MTX-Phe; this cytotoxicity ap- 
proached that of MTX, reaching a SF of slightly >0.001 after 72 h of 
exposure to 1 /am MTX-Phe (Fig. 3a). 

The time course of cytotoxicity for MTX-Phe in CPA-expressing 
cells was somewhat delayed when compared with MTX toxicity; 
however, because the CPA in the culture medium was removed when 
the medium was replaced with fresh medium containing MTX-Phe, 
this delay in cytotoxicity was probably attributable to the time needed 
for the cells to synthesize fresh CPA. Indeed, the delayed cytotoxicity 
directly correlated with the production of MTX in the tissue culture 
medium, as determined by HPLC (Fig. 3b). Furthermore, the addition 
of MTX-Phe directly to the culture without changing the medium 
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Fig. 2. Expression of CPA. S - T1 results in mature CPA in the absence of PACE 
coexpression Expression plasmids for wild-type, CPA 9S) and CPA ST3 constructs were 
transfected into 293T cells either alone or in co trans faction with PACE or dominant- 
negative PACE {PACE. SA). A \oia\ of 5 /xg of the different CPA expression plasmids 
were used in each condition supplement with 5 fi.g of the PACE constructs or empty 
vector. Forty -eight h after transfection, conditioned media were harvested and analyzed by 
SDS-PAGE and Western blot analysis using a CPA-specific polyclonal antibody. Arrows, 
pro and mature forms of CPA. As a control, 29JT cells were transfected in the absence of 
DNA and analyzed as above {Muck), 



Table 1 Kinetic analysis of wild-type CPA and CPA STi 
Hydrolysis of AK3-[2-furyl}acroyl)-Phe-Phe by 2.0 X 10 -10 mol rrypsin-activated 
CPA or endogenously activated CPA ST3 was monitored at 330 nm in assay buffer (pH 
7.5; 50 mM Tris-HCl, 0.45 M NaCi; 25°C). Kinetic constants were calculated by nonlinear 
regression and are given as the mean of three trials ± SE. 







kcat 


Enzyme 


(mM) 


(1/min) 


CPA 


7.8 X 10~ 2 ± 9.2 X 10~ J 


13,000 ± 725 


CPA ST3 


8.2 X 10~ 2 ± 9.6 X 10" 3 


12,250 ± 1,135 



shifted the time course of sensitization such that it more closely 
paralleled that of MTX (data not shown). 

Retroviral Transduction of Tumor Cell Lines Leads to Produc- 
tion of Mature CPA and Sensitivity to MTX-Phe. Because the use 
of stable cell lines may not accurately represent a gene therapy 
strategy, a CPA ST3 retrovirus was produced by subcloning the 
CPA ST3 cDNA into the Laz.pBMN expression plasmid and transfect- 
ing the <t>Nxa retroviral producer line. A Western blot of the condi- 
tioned medium from this retroviral producer line indicated that these 
cells secrete mature CPA ST3 (Fig. 4a). Three tumor cell lines, SCCVIl 
murine squamous cell carcinoma, UMSCC6 human squamous cell 
carcinoma, and MCF7 human breast carcinoma, were infected with 
either CPA ST3 - or LacZ-expressing retrovirus. LacZ infection, fol- 
lowed by /3-galactosidase staining, revealed that —50% of SCCVIl 
cells were infected, whereas for the other two cell lines, the infection 
rate was ~25— 30% (data not shown). Forty-eight h after infection, the 
cells were labeled with [ 15 S]rnethionine/cysteine for 30 min, followed 
by a 4-h chase, and the conditioned media were immunoprecipitated 
using an a-CPA antibody and then analyzed by SDS-PAGE and 
autoradiography. Cells infected with LacZ virus did not produce any 
detectable CPA; however, cells infected with the CPA ST3 retrovirus 
produced CPA that was predominantly in the mature form, as evi- 
denced by the band at M r 34,000 (Fig. 4a). In addition, in a parallel 
series of plates, infected cells were exposed to 1 fiM MTX-Phe for 
72 h before plating to analyze their SF. For all three lines tested, 
LacZ-infected cells were resistant to MTX-Phe (SF >0.75), whereas 
CPA ST3 -infected cells were potently sensitized to the prodrug (SF of 
0.01 to 0.00 liter). 

CPA sxV -expressing Cells Are Sensitized to MTX-Phe in a Dose- 
dependent Manner, More detailed studies on prodrug activation by 
CPA ST3 were performed using SCCVIl cells at a range of MTX and 



MTX-Phe concentrations from 1 to 1000 nM. Both LacZ- and 
CPA ST3 -expressing cells were sensitive to MTX exhibiting a SF of 
0.001 at 1000 nM MTX and IC so and IC 95 values of I and 25 nM, 
respectively (Fig. 5 and Table 2). There was no toxicity to LacZ- 
infected cultures, even when exposed to 1000 nM MTX-Phe (Fig. 5 
and Table 2). However, infection of SCCVIl cells with CPA ST3 
retrovirus, followed by exposure to MTX-Phe, resulted in cytotoxicity 
in a dose-dependent manner that paralleled that of MTX exhibiting a 
SF of about 0.001 at 1000 nM MTX-Phe and IC so and lC y5 values of 
2.5 and 35 nM, respectively (Fig. 5 and Table 2). 

Construction and Characterization of a Cell Surface Form of 
CPA. The GDEPT strategy for cancer therapy described here relies 
upon the extracellular secretion of soluble active CPA, which can then 
cleave the prodrug MTX-Phe, yielding MTX. However, release of a 
secreted and diffusible form of CPA into the extracellular space in an 
in vivo model has the potential to result in both decreased tumoral 
cytotoxicity and also systemic toxicity. To alleviate these limitations, 
we constructed a modified form of CPA ST3 wherein the COOH 
terminus of DAF was fused to CPA ST3 , and the molecule thus was 
linked to the cell surface by a glycophospholipid linkage (Fig. 6a). 

Both the soluble (CPA ST3 ) and the cell-surface tethered form 
(CPA DAF ) of CPA were transiently expressed in 293T cells; 48 h after 
transfection, the cells were labeled with [ 15 S]methionine/cysteine for 
10 min, and cell extracts were collected. In parallel plates, labeled 
cells were chased in serum-free medium for 5 h prior to the collection 
of both cell extracts and conditioned medium. Cell lysates from both 
the early and late time points were then lysed in a Dounce homoge- 
nizer and submitted to a 100,000 X g spin to precipitate cellular 
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Fig. 3. CPA ST3 -cxprcssing cells convert MTX-Phe to MTX and arc sensitized to the 
prodrug in a time-dependent manner. SCCVIl cells expressing LacZ or CPA ST3 were 
exposed to MTX or MTX-Phe for 0-72 b and then evaluated by CFA {A), and HPLC 
analysis was performed on the condition media at the time of plating {B). LacZ-exprcssing 
cells treated with MTX (O) °r MTX-Phe (O) and CPA ST1 ~expressing cells exposed to 
MTX-Phe (•) are shown. 
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Fig. 4. Retroviral infection with CPA ST -, results in secretion of mature CPA and 
sensitization to MTX-Phe. The supernatants from Lzrs.LacZ or Lzrs.CPA ST3 retroviral 
producer cells were analyzed by SDS-PAGE and Western blotting for CPA expression (A. 
leftmost panel). Three tumor celt lines {SCCVII, MCF7, and UMSCC6) were infected 
with LacZ or CPA SX1 retrovirus, meuibolically labeled with f 35 S]merJiionine/cysteine, and 
eoodhioned media were analyzed by immimoprecipitation, SDS-PAGE. and autoradiog- 
raphy {A, right three panels). Arrows, pro and mature forms of CPA. In parallel cultures, 
LacZ or CPA sn -infected cells were treated with MTX-Phe for 48 h and plated for 
surviving fraction (B). Bars, SE. 

membranes (SI 00). The SI 00 fractions as well as the conditioned 
medium were analyzed by immunoprecipitation, followed by SDS- 
PAGE and autoradiography. CPA SX3 was initially synthesized as a M r 
43,000 pro-form and subsequently converted to the M x 34,000 mature 
form and secreted from the cell such that after a 5-h chase, it 
accumulated in the conditioned medium and was no longer detectable 
in the cell extract (Fig. 6b), In contrast, CPA DAF was initially syn- 
thesized as a M r 48,000 form and then converted to a Ai r 38,000 form, 
which remained cell associated and was undetectable in the condi- 
tioned medium (Fig. 6b), thus indicating that CPA DAF is cell associ- 
ated whereas CPA ST3 is secreted. 

In a separate experiment, 293T cells were mock-transfected or 
transfected with either CPA SX3 or CPA DAP . Conditioned medium and 
SI 00 fractions were collected from the transfected plates and assayed 
for CPA activity. The SI 00 cell pellet from mock or CPA ST3 -trans- 
fected cells had little or no catalytic activity, whereas the SI 00 
fraction from CPA DAF transfected cells rapidly cleaved the synthetic 
substrate (data not shown). Finally, unlike CPA SX3 which contained 
significant catalytic activity in the conditioned medium, such activity 
was undetectable in the conditioned medium derived from mock or 
CPA DAF -transfectcd cells (data not shown). 

To further verity thatCPA^p was expressed on the cell surface, a 
CPA DA p retrovirus was generated by subcloning the cDNA for 
CPA DAF into Laz.pBMN, SCCVTI cells were infected with LacZ, 
CPA STi , or CPA DAF virus, and 48 h after infection, they were ana- 
lyzed for cell surface expression of CPA by flow cytometry. Cells 



infected with CPA DAF had a > 100-fold increase in staining using an 
anti-CPA antibody when compared with LacZ- or CPA ST3 -infected 
cells, thus demonstrating that not only is CPA I>AF cell associated, but 
it is also cell-surface exposed (Fig. 6c). 

To evaluate whether the CPA DAF molecule retained a substrate 
specificity similar to the native enzyme, we performed sulforhodam- 
ine B growth inhibition assays using five different MTX-a-peptides 
(17) to compare the substrate specificity of CPA SX3 and CPA DAF , as 
measured by their ability to sensitize cells to these prodrugs using the 
sulforhodamine B growth inhibition assay (Table 3). Both CPA ST3 
and CPA DAF showed a preference for the large aromatic side chain 
prodrugs, with MTX-Phe being the best used substrate, followed by 
MTX-Tyr. Both forms of CPA had slight activity against MTX-Met 
with little or no activity versus MTX-GLn and MTX-Trp. Although the 
trend of substrate specificity was consistent between CPA S7J and 
CPAp AF , the absolute level of activity varied with CPA ST3 consis- 
tently having greater activity than CPA DAF ; however, this difference 
may not reflect actual differences in activity and instead most likely is 
an indication of different titers of retroviruses (see below). 

Cp A ST 3 a nd CPA DAF Both Exhibit a Potent Bystander Effect. 
In any cancer gene therapy strategy, only a small portion of the tumor 
can normally be transduced, typically < 1 0% of the total tumor mass. 
Therefore, the ability of transduced cells to kill both transduced and 
nontransduced cells is an important aspect of a GDEPT strategy. To 
evaluate the potential bystander effect of the system described herein, 
retroviral constructs were generated where either CPA SX3 or CPA DaF 
are expressed from the same bicistronic mRNA as the neomycin 
resistance gene (neo R ), thus enabling one to select and quantify 
infected cells based upon resistance to G418. SCCVII cells were 
infected with titers of Lz,Neo.CPA sx , or Lz.Neo.CPA nAF retrovirus 
ranging from 1 .25e"* to l.Oe 6 colony-forming units/ml in a series of 
parallel dishes. In one pair of dishes, cells infected at increasing titers 
of virus were plated at varying dilutions with and without G418 




[Drug] (nM) 



Fig. 5. Retroviral infection with CPAgn sensitizes eclls to MTX-Phe in a dose- 
dependent manner. SCCVII cells were infected with LacZ or CPA ST3 retrovirus and then 
treated with increasing doses of MTX or MTX-Phe for 48 h prior to plating for SF. 
CPA ST3 -infected cells treated with MTX (d), LacZ-infectcd cells treated with MTX-Phe 
(O), and CPA ST3 -infectcd cells treated with MTX-Phe (•) arc shown. Bars, SE, 



Table 2 Retroviral transduction sensitizes ceils to MTX-Phe 
SCCVII cells were infected with CPA ST3 or LacZ retrovirus, treated with MTX or 
MTX-Phe for 48 h, and then assayed by colony formation. Data represent the mean ± SE 
of three experiments. 
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Fig. 6. Expression of CPAt iA1 . results in cell 
surface-localized CPA without release into the con- 
ditioiwd medium. CPA D/U ,way constructed by fus- 
ing the 37-amino acid glycophospholipid mem- 
brane anchoring domain from DAF to the COOH- 
terminus of CPA {A). 293T cells were mock 
iransfected or transfected withCPA ST3 orCPA rjAl ., 
and cell extracts or conditioned media were then 
analyzed by immunoprecipitation, SDS-PAGE, and 
autoradiography after u 30-min pulse with 
[ 15 S]cysteine/methioninc or after a 30-min pulse, 
followed by a 5-h chase (£). SCCVll cells were 
infected with LacZ, CPA ST3 , or CPA nA|J and then 
analyzed for cell surface expression of CPA by 
flow cytometry (C). 
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selection (400 ^,g/ml), and the number of G41 8-resistant colonies was 
used to calculate the "% infected cells" for each viral titer. In the 
second pair of dishes, cells infected at the same viral titers were 
treated with 1 jim MTX-Phe for 48 h, at which time they were plated 
and the SF subsequently calculated. These data were plotted as "sur- 
viving fraction" as a function of **% infected cells" (Fig. 7). In 
addition, to verify these infection rates, the cell surface construct was 
also assayed by flow cytometric analysis, which gave results consist- 
ent with G418 selection (data not shown). 

When cultures were infected with varying dilutions of virus and 
then treated with MTX-Phe, the CPA DAF -infected cultures were more 
sensitized to the drug than the CPA ST3 -infected cultures, even at equal 
rates of infectivity (Fig. 7). A culture of —50% CPA DAF -expressing 
cells exhibited a SF of <0.001 in the presence of 1 MTX-Phe, and 
the level of cytotoxicity decreased as the percentage of infected cells 
decreased to a SF of <0.1 at 5% CPA DAF expression. CPA ST3 , in 
contrast, peaked at a SF of slightly >0.001 for a 50% expressing 
culture, and there was little cytotoxicity seen below a 10% expressing 
culture (SF > 0.75). 

cp A DAF Partially Protects from Collateral Cytotoxicity. Fi- 
nally, to determine whether the release of secreted CPA ST3 would 
sensitize cells distant from the site of production, a unique coculture 
assay was developed to measure the impact of the diffusion of 
CPA STJ on the cytotoxicity of nontransduced cells located some 
distance from the CPA-expressing cells. SCCV1I cells that were 50% 
CPA ST3 or 50% CPA DAF expressing were plated in the top chambers 
of a two-chamber, six-well tissue culture plate, and an equal number 
of nontransduced SCCVTI cells were plated in the bottom chamber. 
The membrane dividing the two chambers had a 0.4 /xm pore size, 
which was small enough to prohibit the passage of whole cells 
between the chambers; however, released CPA ST3 and both MTX-Phe 
and MTX would readily diffuse between the chambers. The seeded 
cells were left in culture for 48 h, at which point MTX-Phe was added 
to the medium in both the top and bottom chambers to a final 
concentration of 1 ^,M, and the cells were plated for CFA at 12-h 
intervals. 



Consistent with previous results, nontransduced parental cells ex- 
hibited no toxicity when exposed to the prodrug (Fig. 8). However, for 
CPA ST3 - and CPA nAF -expressing cultures, cytotoxicity was observed 
for both the transduced wells (the top chamber) and the bystander 
cells (the bottom chamber). The toxicity appeared first in the top 
chambers and increased with the time of exposure to the prodrug. The 
level and rate of cytotoxicity in the top chambers was similar between 
CPA ST3 and CPA DAF cultures throughout the course of the experi- 
ment (Fig. 8). However, there was a difference in collateral cytotox- 
icity to cells in the lower chambers, with cytotoxicity apparent earlier 
and to a greater extent in CPA ST3 cultures than in CPA DAF cultures 
(Fig. 8). Therefore, the anchoring of CPA DAF to the surface of the cell 
conferred potent sensitization to both CPA DAF - ex pressing and by- 
stander cells in close proximity to each other (those in the top 
chamber) in a manner similar to CPA ST3 -expressing cells. Yet, al- 
though there was collateral cytotoxicity to cells some distance from 
the CPA DAF -expressing cells (those in the bottom chamber), this 
cytotoxicity appeared later and to a lesser extent than that seen for 
CPA ST3 -expressing cells, where the enzyme could diffuse into the 
lower chamber and generate MTX in situ. 

DiscussroN 

GDEPT strategies have been proposed as a means of achieving high 
intratumoral levels of chemotherapeutics with decreased systemic 
toxicity. The best studied of these include the HSV-TK/ganciclovir 
(20) and the CD/5-FC systems (21). One common feature of these 
systems is their reliance upon nonmammalian enzymes that therefore 
are highly immunogenic. Although the added immune response may 
contribute to the antitumoral effect (2), the destruction of transduced 
cells by the host immune system could also inhibit the efficacy of 
repetitive prodrug administration. The system detailed here is appeal- 
ing in that it relies upon a mammalian enzyme that is highly conserved 
and therefore should be only mildly immunogenic; thus repetitive or 
long-term prodrug administration may be possible. 

Tn addition, for both the HSV-TK/ganciclovir and the CD/5-FC 
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Fig. 7. CPA ST3 - and CPA DAF -cxpresaing cells both exhibit a potent bystander effecL 
SCCVH cells were infected with increasing dilutions of CPA^ or CPA^^p retrovirus 
and plated for colony formation in the absence or presence of G418 to determine 
percentage of infected cells. In parallel plates, CPA ST3 (■) or CPA DAF (O) infected cells 
were treated with MTX-Phe for 48 h before plating for SF. Bars, SE. 

systems, it has been demonstrated that the "factory" or transduced 
cells are killed earlier and at lower doses of prodrug than nontrans- 
duced cells because of the intracellular accumulation of the toxic 
metabolites (22-26). In the case of HSV-TKVganciclovir, this results 
in very little cytotoxicity when <50% of the cells in culture are 
expressing HSV-TK. Because of the fact that 5-fTuorouracil is mem- 
brane permeable, there is a greater bystander effect for the CD/5-FC 
system. Unfortunately, we still have witnessed limited cytotoxicity 
with a low percentage of CD expressing cells both in culture (25) and 
in animal models (26). In the GDEPT reported here, extracellular 
production of MTX by soluble or cell surface CPA should equally 
sensitize both transduced and bystander cells with minimal preferen- 
tial cytotoxicity. 

One additional advantage of this system is that because MTX is one 
of the most widely used agents in the treatment of solid tumors, its 
pharmacokinetics, dose-limiting toxicities, and mechanisms of resist- 
ance are well understood (3, 4). HD-MTX therapy has been suggested 
as a means to circumvent tumor-derived resistance to MTX and is 
used quite commonly in current oncological practice. Recently, other 
strategics have been developed to genetically modify bone marrow 
stem cells to make them resistant to MTX so that HD-MTX treatment 
could be undertaken while biochemically protecting the bone marrow. 
These protective strategies have been demonstrated both for human 
bone marrow in culture (27) and for the protection of mice from MTX 
toxicity after transplantation of MTX-resistant bone marrow (28). 
Although these strategies have provided promising results, they do not 
offer any protection to the gastrointestinal tract, which is also highly 
sensitive to MTX-induced toxicity. The GDEPT proposed here by 
localizing HD-MTX to the tumor site may be able to increase the 
cytotoxic dose delivered to the tumor while protecting both the 
gastrointestinal tract and the bone marrow. An additional advantage 
for the use of CPA in an enzyme/ pro drug strategy is that other 
antifolates, which have proven cytotoxic even in MTX-resistant cell 
lines (29), also rely upon transport through the reduced folate carrier. 
Therefore, these drugs could be converted to a-peptide blocked pro- 
drugs to be used in this enzyme/prod rug strategy (30, 31). 

To render CPA active in the absence of tryp sin-dependent zymogen 
cleavage, the 10-amino acid linker region from ST3 was incorporated 
into CPA between the pro- and mature domains such that if cleavage 
occurred at the expected site, the mature peptide released would be 
identical to trypsin-activated CPA. Enzymatic analysis of purified 
CPA ST3 confirmed the correct activation of the zymogen to the 
catalytic form for its kinetic profile was indistinguishable from the 



trypsin-activated CPA. NH^-terminal sequencing of endogenously 
activated CPA ST3 also revealed that cleavage occurred at the ex- 
pected location, liberating a mature peptide that is identical to the 
native mature protein. This is the first direct biochemical demonstra- 
tion of the cleavage site for the ST3 linker region; the work that 
identified this cleavage domain was based upon site-directed mu- 
tagenesis to indirectly ascertain which site was cleaved (11). 

CPA ST3 -transduced squamous cell carcinoma cells were able to 
generate MTX from MTX-Phe. Further evidence for the specificity of 
this activation was demonstrated by the inhibition of the conversion 
by the carboxypeptidase inhibitor derived from potatoes (data not 
shown). MTX was first detected 12 h after exposure to the prodrug, 
and by 72 h, >200 nM MTX was generated. Although this only 
amounted to a 20% conversion of MTX-Phe to MTX, the amount of 
MTX generated was still almost 10 times higher than the 1C«> S of MTX 
in this cell line and thus was more than sufficient to cause potent 
cytotoxicity (see Table 2). These data are consistent with the notion 
that the MTX generated within the first 24 h inhibited cellular growth 
and the further production of CPA and, therefore, limited the final 
conversion of MTX-Phe to MTX. However, this MTX-mediated 
inhibition of further CPA production has not been proven. 

Having ascertained that secreted active CPA ST3 could indeed sen- 
sitize a number of different tumor cell lines to MTX-Phe after retro- 
viral infection, we next developed a cell surface-associated form of 
endogenously active CPA. Unlike previous reports where car- 
boxypeptidase G2 was still highly active both in vitro and in vivo 
when fused to the transmembrane domain of a cell surface receptor 
(32), we were unable to detect any functional CPA after construction 
of a similar fusion protein with CPA (data not shown). However, the 
use of the phospholipid membrane anchor from DAF resulted in a 
CPA molecule that not only remained cell tethered but was also 
functional, perhaps because of the increased conformational flexibility 
allowed by the lipid linkage as compared with a more rigid peptide 
transmembrane domain. This molecule, CPA DAF , was able to sensi- 
tize SCCVH cells to MTX-Phe in a manner similar to the secreted 
form, and it appears to have retained the substrate specificity of the 
native molecule. 

CPA OAF also sensitized SCCVT1 cells to MTX-Phe when only a 
very small fraction of cells (—5%) were expressing the protein. This 
may be attributable to the fact that time is not necessary for the 
molecule to build-up in the culture medium, because CPA DAF is 
anchored to the surface of the cell and does not diffuse away, and thus 
it is not removed when the culture medium is changed. The height- 
ened cytotoxicity of CPA DAF when compared with CPA ST3 also may 
be attributable to the local production of MTX at the cell surface, thus 
requiring lower total conversion levels of MTX-Phe to MTX to 
sensitize cells. This theory has been suggested for ADEPT protocols 
using CPA. Kuefner et al. (5) determined that when using antibody- 
conjugated CPA localized to the surface of the cell, 100-fold less 
enzyme was required to achieve equal sensitization as that found 
when purified CPA was simply added to the culture medium. They 
attributed this enhanced cytotoxicity to the production of MTX within 

Tabic 3 Retroviral transduction with CPA^ or CPA DAF sensitizes cells to MTX-a- 
peptide prodrugs 



The IC 50 s of five MTX-a-peptide prodrugs were evaluated using a 96-welI plate 
growth inhibition assay after retroviral transduction of SCCVII cells with LacZ, CPAg-Ta. 
or CPA DAF retrovirus. Data represent the average of at least eight replicate wells. 
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Fig. 8. CPA DAF expression sensitizes infected and "bystander cells" to MTX-Phe 
while exhibiting reduced collateral toxicity. CPA ST3 - or CPA DAF -expressing SCCVI1 
cells were mixed at a 50:50 ratio with parental SCCV1I cells and plated in the top of 
a dual chamber tissue culture plate. In the bottom chamber, an equal number of 
parental SCCVll cells were plated. Both chambers were then treated with 1 jam 
MTX-Phe, and parallel wells were plated for SF at 12-h intervals. Parental cells alone 
exposed to MTX-Phe (A), cells from the top culture (■, •), or cells from the bottom 
culture (□, O) are shown. A> CPA SX3 cocultures (□, ■). Bars, SB. B, CPA DAF 
cocultures (O, •). Bars, SE. 



the mieroenvironrnent around cell surface-localized CPA-antibody 
conjugates. In addition, by prohibiting the diffusion of the catalyti- 
cally active enzyme away from transduced cells, CPA DAK also par- 
tially inhibited collateral toxicity to cells more distant from the site of 
enzyme production than that seen for CPA ST3 , a fact that may be more 
readily apparent and more critical when this strategy is evaluated 
in vivo. 

The studies reported here have focused on MTX-Phe, because it 
was identified as the best substrate for wild-type CPA (17), However, 
it has recently been demonstrated that this compound, unlike predic- 
tions, is not stable in vivo for it is rapidly converted to MTX after 
injection into mice, which prohibits direct evaluation of this GDEPT 
in an animal model (8). To overcome the unsuitability of MTX-Phe, 
modified MTX-a-peptide prodrugs with nonnatural amino acid block- 
ing groups have been described that are poor substrates for endoge- 
nous systemic CPA-like activities and are thus highly stable in vivo. 
For example, the MTX-3-cyclopentyl-Tyr prodrug is 50,000-fold 
more stable in the presence of wild-type CPA than MTX-Phe (8). In 
addition, although these compounds are poor substrates for wild-type 
CPA, they are efficiently cleaved by the T268G mutant of CPA, 
which has an alteration in the substrate binding pocket. The efficacy 
of the endogenously active soluble (CPA ST3 ) and cell surface forms of 
CPA (CPA DAF ) when combined with the T268G altered specificity 
form of the enzyme are now being evaluated. Preliminary evidence, 
which is in accordance with Smith et al. (8), suggests that expression 
of this T268G mutant in culture confers sensitization to MTX-3- 



cyclopentyl-Tyr, whereas expression of the wild-type enzyme has no 
such capacity. 

Recently, studies using the T268G mutant of human CPA in an 
ADEPT protocol were unable to demonstrate a clinical response 
because of the rapid inactivation of CPA in vivo (31). To allow time 
for distribution, binding, and subsequent clearance of unbound CPA/ 
antibody conjugates, the authors waited 24 h after injection before 
they initiated prodrug treatment. However, the half-life of the enzyme/ 
antibody conjugate in vivo was found to be significantly less than this, 
and as a result, there was little conversion of MTX-prodrugs. The 
CPA GDEPT strategy described here may circumvent this limitation 
through the continuous production of CPA by virally transduced cells, 
thus limiting the impact of protein inactivation. Because of the clinical 
efficacy of MTX in the treatment of squamous cell cancer of the head 
and neck and to the difficulty in achieving local control of head and 
neck cancer (33), future studies will be focused on the use of this 
GDEPT in the treatment of head and neck cancer by direct injection 
of CPA ST3 - or CPA DAF -expressing adenoviruses into submental tu- 
mors in an animal model of head and neck cancer (26, 34, 35). 
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ABSTRACT 

Many therapeutic drugs are excluded from entering the brain, 
due to their lack of transport through the blood-brain barrier 
(BBB). To overcome this problem, we have developed a novel 
method in which short, naturally derived peptides (1 6-1 8 amino 
acids) cross the cellular membranes of the BBB with high 
efficiency and without compromising its integrity. The antineo- 
plastic agent doxorubicin (dox) was coupled covalently to two 
peptides, p- pe net ra ti n and SynBJ . The ability of dox to cross 
the BBB was studied using an in situ rat brain perfusion tech- 
nique and also by i.v. injection in mice. In the brain perfusion 
studies, we first confirmed the very low brain uptake of free 
radiolabeled dox because of the efflux activity of P-glycopro- 
tein at the BBB. By contrast, we have demonstrated that when 



dox is coupled to either the D-penetratin or SynB1 vectors, its 
uptake was increased by a factor of 6, suggesting that the 
vectorized dox bypasses P-glycoprotein. Moreover, using a 
capillary depletion method, we have shown that vectorization of 
dox led to a 20-fold increase in the amount of dox transported 
into brain parenchyma. Intravenous administration of vector- 
ized dox at a dose of 2.5 mg/kg in mice led to a significant 
increase in brain dox concentrations during the first 30 min of 
postadministration, compared with free dox. Additionally, vec- 
torization led to a significant decrease of dox concentrations in 
the heart. In summary, our results establish that the two peptide 
vectors used in this study enhance the delivery of dox across 
the BBB. 



Drug delivery into the brain is often restricted by the 
blood-brain barrier (BBB), which regulates the exchange of 
substances between the peripheral circulation and the cen- 
tral nervous system, BBB acts first as an anatomical barrier 
because of the monolayer of endothelial cells, which are its 
main component. They exhibit specific properties such as the 
intercellular tight junctions, which prevent paracellular 
transport. More recently, the 170-kDa ATP-dependent efflux 
pump P-glycoprotein (P-gp), first described as participating 
in the multidrug resistance (MDR) mechanisms of tumor-cell 
drug resistance (Juliano and Ling, 1976) has been shown to 
be present at the luminal site of the endothelial cells of the 
BBB (Cordon-Cardo et ah, 1989). As a result of the P-gp 
functional orientation (i.e., from brain to blood), P-gp may 
restrict the brain entrance or increase the brain clearance of 
a broad number of therapeutic compounds, including cyto- 
toxic drugs (Gottesman and Pastan, 1993; Tsuji, 1998). As a 
consequence of P-gp expression at the BBB interface and 
overexpression at the tumoral cell level, the bioavailability of 
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anticancer agents, which may act within the cellular com- 
partment to treat brain tumors, is extremely low, which 
explains the failure of brain tumor chemotherapy (Blasberg 
and Groothuis, 1986). To overcome the limited access of 
drugs to the brain, different methods have been developed 
that achieve BBB uptake. Most of these methods are invasive 
and are characterized by intraventricular drug infusion or 
disruption of the BBB (Chamberlain et aL, 1993; Kroll and 
Neuwelt, 1998). In the case of chemotherapeutic agents, few 
studies have explored the structural modification of drugs to 
bypass MDR (Klopman et al., 1997) or coadministration of 
the drug with P-gp modulators that inhibit the effect of P-gp 
at the BBB (Colombo et al., 1994; Drion et aL, 1996; Hughes 
et aL, 1998). Carrier-based approaches have also been devel- 
oped. They consist, for example, of increasing drug delivery 
to the brain by the use of liposomes and nanoparticles (Hu- 
wyler et aL, 1996; Mayer, 1998; Schroeder et aL, 1998) or 
attachment of the drug to peptide-vectors transported into 
the brain by absorptive transcytosis through the BBB (see 
Pardridge, 1997, and references therein). 

The pegelin and penetratin peptides (18 and 16 amino 
acids, respectively) translocate efficiently through biological 
membranes and have provided the basis for the development 
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of new peptide-conjugated drugs for transport through BBB. 
Pegelin (such as SynBl) peptides are derived from natural 
peptides called protegrins (Harwig et aL, 1995; Mangoni et 
al., 1996). They possess an amphipathic structure in which 
the positively charged and hydrophobic residues are sepa- 
rated in the sequence. They are thought to form an antipar- 
allel /3-sheet, constrained by two disulfide bridges (Aumelas 
et al., 1996). Replacement of the four cysteines with serines 
leads to linear peptides (pegelin) that are able to cross cell 
membranes efficiently without any cytolytic effect. The pen- 
etratin peptides are derived from the transcription factor 
antennapedia (Derossi et aL, 1998). The region of the home- 
odomain of antennapedia responsible for internalization has 
been mapped to its third helix (Derossi et aL, 1994). This 
finding has led to the demonstration that a 16-amino-acid 
peptide corresponding to the third helix translocates effi- 
ciently across biological membranes. 

The aim of this study was to assess the efficacy of these 
peptides as vectors for delivery of drugs through the BBB. 
Doxorubicin (dox) was chosen as the vectorized drug because 
it is a widely used antineoplastic agent in the treatment of 
several cancers and has been shown to poorly cross the BBB 
and not to penetrate the brain tumor cells because of MDR 
mechanisms (Ohnishi et al., 1995; Mankhetkorn et al., 1996). 
Various methods, such as the in situ brain perfusion tech- 
nique (Takasato et al., 1984), have been used to evaluate 
brain uptake kinetics of drugs. We have applied this latter 
technique with some modifications (Smith, 1996). This 
method is simple and sensitive and allows the BBB to be 
exposed for a short time (15 to 90 s) to a drug under infusion 
conditions where the fluid composition and the rate of infu- 
sion are controlled. Complementary techniques were associ- 
ated with it to measure the fraction of dox trapped into 
microvessel cells or present in brain parenchyma (Triguero et 
al., 1990). Finally, we investigated the overall bioavailability 
of the free and peptide-conjugated dox in mice. The results 
obtained in this study indicate that this approach could be 
used as a safe and effective delivery system for the transport 
of drugs across the BBB. 

Materials and Methods 

Animals and Reagents 

Male Sprague-Dawley rats (250-350 g; 8 weeks) were obtained 
from IfTa- Credo (L'Arbresle, France). Mice NMRI-nude (29 g; 7 
weeks) were obtained from Janvier Breeding Center (Le Genest 
Saint Isle, France). Animals were maintained under standard con- 
ditions with ad libitum access to food and water. Rats were anesthe- 
tized with an i.p, injection of the combination ketamine hydrochlo- 
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ride (50 rag/ml; 70 mg/kg; Parke-Davis, Courbevoie, France) and 
diazepam (5 mg/ml; 7 mg/kg; Roche; Neuilly-Sur-Seine, France). 
Mice were anesthetized with isoflurane before sacrifice. The ethical 
rules of the French Ministry of Agriculture for experimentation with 
laboratory animals (law no. 87-848) were followed. 

Preparation and Characterization of Peptide Conjugates 

Peptide Synthesis. The peptides were assembled by conven- 
tional solid phase chemistry using a 9-fluorenylmethoxyearbonyI/ 
tertio butyl protection scheme (Atherton and Sheppard, 1989) and 
purified on preparative C18 reversed phase HPLC after trifluoroace- 
tic acid (TFA) cleavage/deprotection. The lyophilized products were 
assessed by C18 reversed phase analytic HPLC, The peptide se- 
quences were SynBl (RGGRLSYSRRRFSTSTGR; molecular mass, 
2099 D) and D-penetratin (rqikiwfqnrrmkwkk, the amino acids are in 
D form; molecular mass, 2245 D). 

Dox-D-Penetratin Synthesis. Dox hydrochloride (1 molar equiv- 
alent; Fluka, Buchs, Switzerland) was suspended in dimethylforra- 
amide (DMF) containing diisopropyl amine (2 molar equivalents; 
Fluka) (Fig. 1). AMiydroxysuccinimidylmaleinrudopropionate (1 mo- 
lar equivalent; Fluka) was added and incubated for 20 min. The 
thiol-containing peptide (either as a cysteine or as amino-terminal 
3-mercaptopropionic acid solubilized in DMF) was then added to this 
reaction mixture, followed by a 20-min incubation. The acceptance 
criteria for the peptide and conjugates was HPLC purity of > 98% at 
215 and 480 nm in accordance with the molecular weight and frag- 
mentation pattern for mass spectrometry- The molecular mass was 
found to be 3005 Da. 

Dox-SvnBl Synthesis. Dox hydrochloride was suspended in 
DMF containing diisopropylamine (Fig. 1). Succinic anhydride (1 
molar equivalent; Fluka) dissolved in DMF was added and incubated 
for 20 min. The resulting dox hemisuccinate was then activated by 
addition of benzotriazol-l-yl-oxopyrrolidinephosphonium hexaflu- 
orophosphate (1.1 molar equivalents; Novabiochem) dissolved in 
DMF. The peptide was then added to the reaction mixture after 5 
min of activation and left for another 20 min for coupling. Further 
processing and purity check of the conjugate was performed as de- 
scribed above. The molecular mass was 2723 Da. 

Radiolabeling of Dox-D-Penetratin and Dox-SynBl. Prepa- 
rations were performed as described above, except that [ 14 C]dox (55 
mCi/mmol, 2.04 TBq/mol; Amersham, Les Ulis, France) was kept 
limiting by raising the stoichiometry of peptide, linkers, and activa- 
tors to 1.3 eq in the coupling reactions. The specific activity of both 
compounds was (55 mCi/mmo), 2.04 Tbq/mol) and the molar ratio of 
dox/peptide was 1:1. The radiochemical purity was estimated to be 
>98% according to the 480-nm chromatograms. 

Distribution Coefficient Determinations. The lipophilicity of 
the radiolabeled free and vectorized dox was estimated by measuring 
their partitioning between the perfusion buffer, pH 7.4, and 1-octa- 
nol. Distribution coefficients (D octanol/bufTer ) were determined at vol- 
ume ratios of 1:1 by vigorously shaking the two phases together. The 
samples were then incubated at 37°C for 30 min to facilitate phase 
separation. One sample of each phase was weighed and the radioac- 
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tivity counted in a gamma counter. D uctanoVhufr „ was calculated as: 
([dpm/mll in the octanol phase)/(ldpm/ml] in the buffered saline 
phase). Experiments were done in triplicate and the mean of the log 
D octnnoi/b«iTer for dox, dox-D-penetratin, and dox-SynBl were: 0.45 ± 
0.06; -0.9 ± 0.08; and -1.44 2 0.04, respectively. 

Plasma Protein Binding Determination. Binding to rat 
plasma proteins of the radiolabeled free and vectorized dox was 
determined after incubation of each compound in rat plasma (Iffa 
Credo, L'arbresle, France) for 10 rain at 37°C and ultrafiltration of 
the samples using the Centrifree Micropartition System (Amicon, 
Beverly, MA). Final concentrations in both phases were determined 
by counting the radioactivity as described above, and the bound 
fraction was calculated after three experiments. For dox, dox-D- 
penetratin, and dox-SynBl, mean values of bound fractions were: 
87.66 ± 1.76, 99.49 + 0.02, and 95.8 ± 0.38%, respectively. 

In Situ Brain Perfusion 

Blood to Brain Transfer of Dox. We used the in situ brain 
pei-fusion technique of Takasato et al. (1984) as described previously 
(Rousselle et al., 1998). The perfusion fluid was a bicarbonate-buff- 
ered physiological saline (128 raM NaCl, 24 mM NaHCO a , 4.2 mM 
KC1, 2.4 mM NaH 2 P0 4 , 1.5 mM CaCl 2 , 0.22 mM MgS0 4 , and 9 mM 
D-glucose, pH 7.4) infused at a flow rate of 10 ml/min. For some 
experiments, rat brains were perfused with plasma obtained the 
same day from heparinized donor rats at a flow rate of 5 ml/min, 
which is sufficient to perfuse the ipsilateral hemisphere at a reason- 
able pressure. [ 14 C]Dox (0.3 ptCi/ml), 1 14 C] dox-D-penetratin (0.1 /jCV 
ml), and [ 14 C 3 dox-SynBl (0.1 fjtCi/ml) were infused into the internal 
carotid artery for 60 s. [ 3 H]Sucrose (12.3 Ci/mmol; 1 /xCi/ml; NEN, 
Paris, France) was used for each experiment as a marker of the BBB 
integrity. Some rats (n =9) were also pretreated 5 min before 
perfusion with i.v. (it)-verapamil hydrochloride (1 mg/kg; Sigma, St. 
Quentin Fallavier, France) dissolved in 0.5 ml of 0.9% NaCl. 

At the end of the perfusion, the rat was decapitated and the brain 
quickly removed. The right cerebral hemisphere was dissected on ice 
in six brain areas (frontal, occipital and parietal cortex, thalamus, 
hippocampus, and striatum). Brain regions and 50 /J of perfusion 
fluid were placed in preweighed scintillation vials and weighed. 
Brain and perfusion fluid samples were digested for 2 h in 1 ml of 
Soluene-350 (Packard, Rungis, France) at 60°C. Scintillation cocktail 
(10 ml; Picofluor, Packard) was added to each vial and the tracer 
contents were assessed by dual-label liquid scintillation counting 
program in a Tri-Carb model 1900TR liquid scintillation counter 
(Packard). 

Dox uptake was expressed as a single -time-point, unidirectional 
transfer constant (K ixi ). Briefly, calculations were accomplished as 
described (Smith, 1996) from the relationship K in = (Qtot - Vv • Cpf) 
/ T ' Cpf), where Qtot is the measured quantity of [ 14 C]dox in brain 
(vascular and extravascular) at the end of the experiment, Vv is the 
cerebral vascular volume, Cpf is the perfusion fluid concentration of 
[ 14 Cldox, and T is the perfusion time in seconds. Vv was evaluated by 
the sucrose space and calculated by the ratio between radioactivity of 
[ 3 H]sucrose (expressed in dpm of sucrose per gram of brain) and the 
perfusate sucrose concentration. 

Washing Procedure. For this set of experiments, we used a 
dual-syringe infusion pump (Harvard Apparatus, Les Ulis, France) 
with one syringe containing the bicarbonate- buffered physiological 
saline with the radiotracer (syringe A) and the other without radio- 
tracer (syringe B), The carotid catheter was connected to a four-way 
valve (Hamilton, Bonnaduz, Switzerland). After the carotid cannu- 
lation was completed and the appropriate connections were made, 
syringe A was discharged at a rate of 10 ml/min for 60 s. Syringe A 
was switched off and syringe B was switched on simultaneously to 
initiate the wash-out of the capillary space. After 30 s, the rat was 
decapitated. The transfer constant was measured using the equation 
K in = Qtot / T • Cpf, where Qtot is the quantity of [ 14 C]dox in the 
extravascular brain. 



Distribution in Brain Compartments. The distribution of 
f 14 CJdox between brain microvascular and parenchymal compart- 
ments was assessed using the capillary depletion method of Triguero 
et al. (1990) with some modifications (Benrabh and Lefauconnier, 
1996). Rats were perfused as described for the washing procedure. At 
the end of the wash-out, the right cerebral hemisphere was removed, 
cleaned of meninges and choroid plexus, weighed, and homogenized 
in 3.5 ml of capillary buffer (10 mM HEPES, 141 mM NaCl, 4 mM 
KC1, 1 mM NaH 2 P0 4 , 2.8 mM CaCl 2 , 1 mM MgS0 4 , and 10 mM 
D-glucose, pH 7.4) on ice. After 15 strokes, 4 ml of a chilled 40% 
neutral dextran solution was added to obtain a final concentration of 
20%. All homogenizations were performed at 4°C in a very short 
time. After taking an aliquot of homogenate, the solution was cen- 
trifuged at 5400^ for 15 min at 4°C in a swinging-bucket rotor. The 
pellet and supernatant were carefully separated and counted in the 
liquid scintillation counter. The pellet was composed mainly of brain 
capillaries and the supernatant reflected brain parenchyma. 

Dox distribution in brain compartments was expressed as distri- 
bution volume (Vd; /il/g), defined as Vd = Qtis / Cpf, where Qtis is the 
measured quantity of ( 14 CJdox in brain compartments (total dpm per 
compartment/brain tissue weight) and Cpf is the perfusion fluid 
concentration (dpm/milliliters of perfusate). 

Statistical Analysis* All experiments were performed on three to 
six rats. Data are expressed for individual cerebral areas or as the 
main value of the right cerebral hemisphere. Statistical comparisons 
conducted herein were accomplished by Student's test or ANOVA. 
BonfeiToni's multiple comparison test was used post hoc only when 
ANOVA results were significant. Statistical difference was accepted 
at the P < .05 significance level. Data are presented as mean ± S.E, 

Intravenous Administration in Mice 

Dox and dox-SynBl were i.v. injected in female Nude mice (via the 
tail vein) at a dose of 2.5 mg/kg (mg base of dox/kg; in 200 ^1 of NaCl 
0.9%), which corresponded to 0.5 /xCi per animal. At 1, 5, 15, 30, 60, 
180, 460, and 1280 min after injection, animals (five animals per 
group) were anesthetized before sacrifice. Mice were sacrificed by 
cardiac puncture and blood samples were collected in glass tubes 
containing EDTA anticoagulant. Brain, heart, lungs, liver, and kid- 
neys were removed for determination of total radioactivity. The 
plasma was recovered after centrifugation. The tissue samples were 
collected in scintillation tubes, immersed in liquid nitrogen, and 
stored at — 20°C until analysis. The samples were fully used to quan- 
tify the radioactivity, and the radioactivity data was corrected in 
accordance with the quenching calculation. After radioactivity mea- 
surement, the results were transformed in micrograms of dox-equiv- 
alent per gram of plasma or tissue and represented as a mean ± S.E. 
of four to five animals. 

Tissue to plasma partition coefficient (K p ) was determined by 
dividing the area under the average curve (AUC) calculated by the 
linear trapezoidal method for each time point between the tested 
tissue and plasma as K p tn ^ tn+1 = AUC tissue / AUC t„_ tn+1 

plasma. 

The term "tissue distribution advantage" (TDA) previously used 
by others (Malhotra et al., 1994) was introduced to evaluate the 
relative uptake behavior of dox-SynBl versus free dox. TDA was 
calculated as the ratio of the respective tissue to plasma partition 
coefficients of the conjugated dox versus free dox at each time point 
according to TDA - K p tn ^ n + 1 I K v U) ^ + l dox . A TDA > 1 

will define a specific tissue targeting of SynBl. 

Stability In Vitro and In Vivo 

Dox-SynBl (1 ml) solution (2 mg/ml) was mixed with 4 ml of rat or 
mouse plasma (obtained from Iffa-Credo). At various times (0, 15, 25, 
30, 40, 45, 60, 120, 180, and 210 min), 250-^1 aliquots were with- 
drawn and quenched in 1 ml of acid mixture (H2O/TFA 0.1%). The 
vectorized dox and metabolites were then extracted from plasma by 
applying the sample on a C18 solid phase extraction cartridge and 
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eluting in 500 pi of acetonitrile/isopropanol/H 2 0/TFA (50/20/30/5 ml) 
solution. The samples were then analyzed by HPLC on C18 column 
using acetonitrile/water gradient. The percentage of nondegraded 
vectorized dox and released dox was calculated. 

In the in vivo stability study, mice were i.v. injected with dox- 
SynBl at a dose of 2.5 mg/kg (milligram base of dox). The percentage 
of free released dox was measured by HPLC, 

Results 

First, the tolerance of the BBB for the compounds used in 
this study was explored. f 3 H]sucrose was used as a marker of 
brain vascular volume because it does not measurably pene- 
trate the BBB during brief periods of perfusion. When 0.05 
mg of either free or coupled dox were perfused, the vascular 
volumes were not significantly different among brain regions 
in all groups. They were about 10 /xl/g of brain and of the 
same order of magnitude as those found in previous reports 
using the in situ brain perfusion method (Drion et al., 1996; 
Rousselle et al., 1998). This indicates that the permeability of 
the BBB was not changed. However, when 0.8 mg of dox-D- 
penetratin was perfused in rats, brain vascular volumes were 
2-fold larger than those observed with other compounds or 
with 0.05 mg of dox-D-penetratin. Interestingly, the use of 
D-penetratin alone at the same concentration did not change 
the BBB permeability (data not shown), suggesting that al- 
teration of the BBB may be caused by the complex dox-D- 
penetratin. We therefore used 0.05 mg of dox-D-penetratin or 
dox-SynBl for the following brain perfusion experiments. 

We then compared the brain uptake of free and coupled 
radiolabeled dox by measuring the total radioactivity in the 
brain after 60 s of brain perfusion. This perfusion time was 
chosen because it is short enough to limit the risks of drug 
metabolism or efflux from brain to blood but high enough to 
measure reasonable quantities of radiolabeled dox in brain 
tissues compared with the background noise of the detection 
method. Figure 2 shows that conjugation of dox with peptide 
vectors significantly enhances its brain uptake. An average 



of 6-fold increase in brain uptake was obtained for both 
dox-D-penetratin and dox-SynBl. To assess the brain distri- 
bution of these compounds, the brain was dissected into 
various areas: frontal, parietal, and occipital cortex, thala- 
mus, hippocampus, and striatum. In rats perfused with dox, 
the brain uptake of this compound was very low and ranged 
from 0.18 ± 0.04 /xl/s/g for the striatum to 0.78 ± 0.22 /xl/s/g 
for the occipital cortex. Vectorization with either D-penetra- 
tin or SynBl significantly increased the brain uptake of dox 
after 60 s of buffer perfusion in all six gray areas. The brain 
uptake of dox-SynBl ranged from 1.6 ± 0.2 /xl/s/g for the 
frontal cortex to 2.7 ± 0.4 /xl/s/g for the parietal cortex. In the 
case of dox-D-penetratin, the brain uptake ranged from 1.4 ± 
0.3 /xl/s/g for the striatum to 3.6 ± 0.3 /xl/s/g for the parietal 
cortex. 

To evaluate whether free or coupled dox has actually 
crossed the BBB or is simply trapped within brain endothe- 
lial cells, two experiments were performed. In the first one, 
the brain was perfused for 60 s with radiolabeled compounds 
in physiological saline followed by a 30-s washing with trac- 
er-free saline to remove tracer bound to the capillary luminal 
membrane. The total radioactivity measured was then com- 
pared with the one in animals that did not receive the wash- 
out procedure. After the washing procedure, the cerebral 
uptake of free and vectorized dox was significantly reduced, 
indicating that this procedure removed any ( l4 C3dox trapped 
within the micro vessels or bound to the luminal membrane of 
its endothelium (Fig. 3). However, in rats perfused with 
either dox-D-penetratin or dox-SynBl, the brain uptake was 
still significantly increased (2.14 ± 0.23 and 1.50 ± 0.28 
/xl/s/g, respectively) compared with that of dox alone (0.25 ± 
0.09 /xl/s/g). In the second experiment, distribution in the 
brain capillary and parenchymal compartment was mea- 
sured after perfusion and wash-out using the capillary de- 
pletion method of Triguero et al. (1990), which separates the 
whole brain into endothelial enriched (pellet) and depleted 
(supernatant) fractions. This procedure distinguishes be- 
tween compounds remaining in the endothelial cells from 
those having crossed the abluminal endothelial membrane to 
enter the brain parenchyma. By this method, we have ob- 
served that about 50% of the dox-derived radioactivity was 
associated with the capillary, whereas less than 30% of the 
vectorized dox-derived radioactivity was in the endothelial 




Fig. 2. Transfer coefficients (K in ) for { ,4 C]dox, f 14 C) dox-D-penetratin, and 
[ ,4 C]dox-SynBl uptake in six areas of rat brain after perfusion with 
buffer. Each bar represents a mean (± S.E.) for n ~ 4 animals. The 
animals were perfused for 60 s with 5.4 nmol/ml of dox (gray columns), 1.8 
nmol/ml of dox-D-penetratin {filled columns), and 1.8 nmol/ml of dox- 
SynBl (open columns). FC, OC, and PC, frontal, occipital and parietal 
cortex; TH, thalamus, HP, hippocampus; ST, striatum. **P < .01; *P < 
.05 versus free dox. 
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Fig. 3. Transfer coefficients (K in ) for ("CJdox, [ 14 Cjdox-D-penetratin, and 
( ,4 C3dox-SynBl uptake in right hemisphere of rat brain after 60-s perfu- 
sion with buffer and 30 s of wash-out. Values are mean ± S.E. Cn = 4 
rats). ***P < .001; **P < .01; *P < .05 versus free dox. Filled columns, 
wash-out; gray columns, no wash-out. 
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cells after 60 s of perfusion followed by 30 s of wash-out (Fig. 
4). In the parenchymal compartment, the ratio of vectorized 
dox versus free dox was about 20 for both peptide- vectors. 

To compare the vectorization of dox with the effect of a P-gp 
inhibitor, dox uptake was evaluated in rats pretreated with 
(±)-verapamil. This calcium-channel blocker is a P-gp inhib- 
itor commonly used to reverse MDR in cell culture (Ford and 
Hait, 1990). Pretreatment with verapamil only slightly in- 
creased the cerebral uptake of dox after 60 s of perfusion and 
30 s of wash-out (Table 1). However, this increase was not 
significant. Moreover, no change in brain uptake of vector- 
ized dox was observed after pretreatment with verapamil. 

Finally, we investigated the effect of plasma protein bind- 
ing on brain transfer of free and vectorized dox (Fig. 5). When 
the perfusion buffer was replaced by rat plasma, a dramatic 
decrease in dox-D-penetratin cerebral uptake was observed 
(0.05 versus 2.30 fjd/a/g). The brain uptake of free dox was 
also significantly reduced (0.07 versus 0.44 (xl/s/g) as it was 
for dox-SynBl (0.60 versus 2.20 fxl/s/g). Similar results were 
obtained after perfusion in the presence of 5% BSA in the 
saline buffer (data not shown). This is not surprising, be- 
cause it has been shown previously that dox binds to plasma 
proteins and principally to albumin (Celio et al., 1982), Ce- 
rebral transfer coefficients of vectorized dox in plasma are 
also well correlated with the plasma protein binding mea- 
sured in our study by ultrafiltration (87.8% for dox, 99.5% for 
dox-D-penetratin, and 95.8% for dox-SynBl). Consequently, 
we considered the possibility that the high protein binding of 
our peptide vectors may compromise dox delivery to the brain 
after peripheral administration. 

To check this last hypothesis and to confirm the ability to 
distribute more dox in the brain, we carried out in vivo 
experiments using i.v. injection. Free and SynBl -conjugated 
radiolabeled dox were injected into mice at a dose of 2.5 
mg/kg (mg base of dox) via the tail vein. After different time 
points, the mice were sacrificed and the total radioactivity in 
plasma, brain, heart, lungs, kidneys, and liver was counted. 
After i.v. injection, the tissue and plasma distribution of 
dox-derived radioactivity were dramatically modified when 
the drug was conjugated to SynBl (Fig. 6A). The plasma 
concentrations were higher for dox-SynBl and decreased less 
rapidly than for the free dox. The brain distribution of dox 
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Fig. 4. Distribution volumes of f l4 C]dox, f^Cldox-D-penetratin, and 
[ 1 " 1 C] dox-SynBl in vascular pellet and supernatant fractions after wash- 
out after the capillary depletion method. Values are mean ± S.E. (n = 4 
rats). **P < .01; *P < ,05 versus free dox. Gray columns, homogenate; 
filled columns, parenchyma; open columns, endothelial cells. 



was also apparently improved when the drug was conjugated 
to SynBl (Fig. 6B). Interestingly, in the heart, where dox 
exerts its major toxicity, vectorization significantly reduced 
the dox concentrations (Fig. 6C). A similar decrease in accu- 
mulation of vectorized dox was observed in lungs. In kidneys 
and liver, a slight decrease in total radioactivity was ob- 
served for dox-SynBl 1 h after administration (data not 
shown). We also carried out a small-scale pilot experiment 
using D-penetratin as a vector and similar results as for 
SynBl were obtained (data not shown). 

To assess whether the modifications in tissue distribution 
observed with dox-SynBl versus free dox were caused only by 
an alteration of dox-SynBl plasma pharmacokinetics, we 
calculated tissue-to-plasma-partition coefficients at each 
time point (Table 2) and compared them with those of dox 
alone. The calculated TDA was found to be >1 in brain 
during the first 30 min after administration, showing a more 
important brain uptake of dox-SynBl than would have been 
expected from the observed increase of dox-SynBl plasma 
levels (Fig. 7). In contrast, TDAs were <1 for heart, lungs, 
liver, and kidneys, showing a reduction in tissue exposure for 
these organs at all time points. 

To assess the stability and the fate of the dox-vector com- 
plex, we have carried out two preliminary experiments. In 
the first experiment, dox-SynBl was incubated in rat and 
mouse plasma in vitro, and after various times, the fate and 
stability of the dox-SynBl was analyzed by HPLC. Our re- 
sults show that the conjugate has a degradation half-life of 
about 15 min in mice and rat plasma. The percentage of dox 

TABLE 1 

Transfer coefficients for [ 14 C]dox, ( 14 C]dox-D-penetratin, and [ 14 C]dox- 
SynBl uptake into rat brain. Data are presented as mean i S.E.; n = 
3-6. Perfusion time was 60 s and wash-out time was 30 s. Pretreatment 
with verapamil was carried out 5 min before perfusion at 1 mg/kg. 
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Fig. C. Transfer coefficients (K in ) for [ 14 C]dox, P*C]dox-D-penetratin, and 
( M C]dox-SynB 1 uptake in rat brain after perfusion with plasma. Each bar 
represents a mean ± S.E. in - 4 rats). Perfusion time was 60 s. ***P < 
.001 versus free dox. 
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released was about 8% at 15 min. The rest of products cor- 
responded mainly to degradation in the peptide. In the sec- 
ond experiment, dox-SynBl was injected into mice and the 
percentage of released dox was measured by HPLC. In 
plasma, we found that about 3% of free dox was released from 
dox-SynBl after 5 min postadministration (data not shown). 

Discussion 

The discovery that synthetic peptides derived from natural 
peptides can be used successfully to deliver biologically active 
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Fig. 6. Plasma and tissues distribution after i.v. administration of free 
dox ( 0 ) and dox-SynBl (■) at a dose of 2.5 mg/kg. The concentrations are 
represented in microgram equivalents of dox on the basis of radioactivity 
measurements. The bars represent the S.E. of four to five animals. A, 
plasma; B, brain; C, heart. *P < .05; **P < .01 versus free dox. 



substances inside live cells (Derossi et ah, 1998; Schwarze et 
al., 1999) has provided the basis for developing new effective 
strategies for drug delivery into the brain. For this reason we 
have coupled the anticancer drug dox to two different pep- 
tides: D-penetratin and SynBl, which were expected to in- 
crease the delivery of dox to rat brain. 

We first evaluated the brain uptake of free and coupled dox 
after 60 s of in situ rat brain perfusion. Under these condi- 
tions, we only observed a low uptake of dox, comparable with 
values reported previously by Ohnishi et al. (1995) using the 
same method. However, this permeability is lower than 
would be expected based on the lipophilicity of the compound 
(log D octanoLWTer = 0.45). This low brain permeability could 
be explained by the efflux activity of P-gp at the BBB. Dox is 
actually transported by P-gp expressed at the brain capillar- 
ies in the physiological state (Ohnishi et aL, 1995; Van As- 
peren et al,, 1999) and could also be transported by the more 
recently characterized MDR-associated protein mrpl (Abe et 
al., 1994). To overcome MDR mechanisms, dox was given in 
combination with P-gp inhibitor. However, if such drug com- 
binations are effective in vitro, the high concentration of P-gp 
inhibitors necessary to overcome drug efflux limits their clin- 
ical application. Furthermore, coadministration of anticancer 
drugs and P-gp modulators may alter anticancer drug phar- 
macokinetics, leading to an exacerbation of anticancer drug 
toxicity (Krishna et aL, 1997). 

By coupling dox to D-penetratin and SynBl, we expected to 
increase its uptake in the brain and circumvent the efflux 
activity of P-gp. It is noteworthy that the coupling makes the 
dox less lipophilic (logD^. 
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=* 0.45 for dox, -0.9 for 
dox-D-penetratin, and -1.44 for dox-SynBl), which in fact 
should reduce the permeability through the BBB. However, a 
significant increase in dox-derived radioactive brain uptake 
was obtained for the conjugated drug compared with free dox 
for all six gray areas studied. This increase in brain uptake 
obtained for both vectors might be explained by the translo- 
cation properties of these vectors and also by the fact that 
vectorized dox is not recognized by the P-gp. This is con- 
firmed by pretreatment with verapamil, which did not 
change the brain uptake of the coupled dox, and only a slight 
increase was observed for free dox. To demonstrate that 
vectorized dox is not trapped inside the endothelial cells but 
actually crosses the BBB, we carried out the wash-out pro- 
cedure and the capillary depletion method. Our results indi- 
cate that the amount of vectorized dox that was delivered to 
the brain parenchyma was about 20-fold higher than free 
dox, suggesting the efficiency of these peptide-vectors in de- 
livering dox to the brain parenchyma. However, we observed 
a decrease in brain uptake (especially for dox-D-penetratin) 
when the cerebral perfusion was performed with plasma for 
a short period of time (60 s). Over a longer period of time, 
protein binding does not seem to hamper the brain distribu- 
tion of vectorized dox as shown by the results obtained after 
i.v. administration in mice. These results are consistent with 
the hypothesis that the bound drug in plasma can dissociate 
from proteins and thus becomes available for brain transfer. 
When the permeability of the brain capillaries for the free 
drug is sufficiently high, a new equilibrium is rapidly 
achieved inside the capillaries leading to the release of some 
bound drug into a free form that then becomes available for 
brain transfer (Pardridge and Landaw, 1984; Jolliet-Riant 
and Tillement, 1999). 
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TABLE 2 

The area under plasma and tissues concentration curve (AUC) values were calculated for both dox-SynBl and free dox from the time of injection 
to the given time point. The ratio of AUC tissue/AUC plasma of free and vectorized dox is represented here. 

AUC Tissue/AUC Plaama 



Time (min) Brain Heart Lungs Liver Kidneys 





dox 


dox-SynBl 


dox 


dox-SynBl 


dox 


dox-SynBl 


dox 


dox-SynBl 


dox 


dox-SynBl 


1 


0.017 


0.044 


0.9 


0.325 


1.165 


0.307 


0.311 


0.324 


4.414 


1.511 


5 


0.037 


0.06 


2.286 


0.578 


3.039 


0.594 


0.974 


0.586 


7.675 


3.291 


15 


0.059 


0.069 


5.041 


0.65 


6.503 


0.809 


3.109 


0.746 


17.341 


4.183 


30 


0.086 


0.09 


7.787 


0.674 


9.33 


1.002 


5.981 


0.934 


25.264 


4.585 


60 


0.136 


0.104 


11.072 


0.677 


12.604 


1.174 


8.967 


1.222 


34.52 


4.959 


180 


0.233 


0.132 


18.723 


0.734 


22.365 


1.463 


12.34 


1.875 


50.365 


5.45 


480 


0.295 


0.153 


20.959 


0.767 


29.263 


1.793 


13.164 


2.492 


53.588 


5.924 


1280 


0.32 


0.175 


17.63 


0.768 


30.683 


2.868 


12.085 


3.269 


48.984 


6.136 



The pharmacokinetic profile of vectorized dox in plasma 
and tissues showed marked differences compared with free 
dox. In plasma, vectorization led to higher initial concentra- 
tions of dox-SynBl than for free dox and the blood clearance 
of the vectorized dox was reduced during the first 180 min 
(area under the curve of dox-SynBl was 5.51 times higher 
than for dox), allowing the compound to be more exposed to 
brain and other tissues. Assuming that dox-SynBl is hydro- 
lyzed in plasma with a stability half-life in plasma of about 
15 min, this suggests that during at least 2 to 3 half-lives 
(i.e., 30 to 45 min) corresponding to the time window of the 
distribution phase, a higher tissue exposure was obtained for 
dox-synBl than for free dox. 

Surprisingly, we found different distribution patterns of 
vectorized dox in tissues compared with free dox, suggesting 
a tissue-specific uptake of dox-SynBl. In fact, certain tissues 
like heart, lungs, and, to a lower extent, kidneys and liver, 
had a lower uptake of dox-SynBl than free dox (TDA were in 
general <0.4). The lower accumulation in heart could be of 
great clinical interest, because the use of dox in chemother- 
apy has been hampered by its card iotoxi city (Lefrak et al., 
1973). The lower uptake observed for vectorized dox in lungs 
can also be regarded as an interesting property, because the 
lung is usually the first exposed organ after the i.v. route and 
is known to markedly distribute cationic molecules, causing 
toxicity (Bummer et al., 1995). Brain, rather than these tis- 
sues, seemed to accumulate vectorized dox. During the first 
180 min after administration, the brain levels of dox-SynBl 
were higher than those of free dox. Nevertheless, this might 
result from the increase in the systemic bioavailability of 
dox-SynBl. To verify this hypothesis, we calculated the brain 
distribution advantage, which shows that during the first 30 
min after administration, brain uptake enhancement was 



3,00 




Time (mm) 

Fig. 7. TDA was calculated as the ratio of the respective tissue to plasma 
partition coefficients of the vectorized dox versus free dox at each time 
point. — -, plasma; ■, brain; A, heart; X, lungs; *, liver; kidneys. 



higher than that observed in plasma. This observation con- 
firms that during the period in which dox-SynBl is not too 
much hydrolyzed, the more pronounced brain uptake results 
from the dox-SynBl chemical entity interaction with endo- 
thelial cells of the BBB. This effect observed in vivo is well 
supported by the data from the in situ brain perfusion 
method, which showed a rapid transcytosis process across 
the BBB. For longer time-points, degraded forms of dox- 
SynBl being predominant, no enhancement in dox brain 
uptake was observed. This suggests that enhancing the sta- 
bility of the vectors might enhance the brain uptake of dox. A 
time balance between the kinetics of vector degradation and 
drug release in the targeted tissue has to be found by using 
less degradable amino acid sequences and appropriate 
linker. The challenge now is to develop peptide-vectors stable 
enough in plasma and a linker that will allow the drug to be 
cleaved off once it has crossed the BBB. 

In summary, the tissue distribution shows two different 
organ patterns: tissues with less exposure (heart, lungs, 
liver, and kidneys) and tissues with higher exposure (brain). 
This clearly shows a tissue-specific uptake of the vectorized 
dox. 

The mechanism by which these peptides cross the BBB is 
still under investigation. These peptides translocate effi- 
ciently across cell membranes and, at least in the case of 
D-penetratin, cell internalization does not seem to involve 
classical receptor-mediated endocytosis (Derossi et al., 1996). 
It is possible that once internalized, the peptides are ad- 
dressed to a secretory compartment and re-exported into the 
brain parenchyma. Interestingly, Prochiantz and colleagues 
have demonstrated that homeoproteins — from which pen- 
etratin sequences were derived — can be secreted from live 
cells and gain access in vivo to a secretory compartment 
enriched in cholesterol and glycosphingolipids (Joliot et al., 
1997, 1998). 

These studies only test the feasibility of enhancing dox 
delivery to brain using peptide-vectors and do not address 
the pharmacodynamics of drug action in brain. It is crucial 
that the coupling of dox does not result in a loss of biological 
activity. Our preliminary experiments in cell culture using 
resistant cell lines show that the coupled dox with both 
D-penetratin and SynBl bypasses P-gp and increases drug 
potency compared with free dox (unpublished observations). 
The next step will be to explore the antitumor potential of 
vectorized dox in brain tumor models and new modified pep- 
tides. 

In conclusion, this study demonstrates the successful ap- 
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plication of the use of these peptide vectors for brain delivery 
of dox. A significant enhancement of dox uptake in brain was 
obtained after coupling dox with these peptides. Although 
these investigations focus on the delivery of dox, this ap- 
proach should be applicable to other therapeutic drugs. 
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